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Enhancing glymphatic fluid transport by
pan-adrenergic inhibition suppresses
epileptogenesis in male mice

Qian Sun1,2,5, Sisi Peng1,3,5, Qiwu Xu1, Pia Weikop 4, Rashad Hussain 1,
Wei Song1, Maiken Nedergaard 1,4 & Fengfei Ding 1,2

Epileptogenesis is the process whereby the previously normally functioning
brain begins to generate spontaneous, unprovoked seizures. Status epilepti-
cus (SE), which entails a massive release of neuronal glutamate and other
neuroactive substances, is one of the best-known triggers of epileptogenesis.
We here asked whether pharmacologically promoting glymphatic clearance
during or after SE is beneficial and able to attenuate the subsequent epi-
leptogenesis. We induced SE in adult male mice by intrahippocampal kainic
acid (KA) infusion. Acute administration of a cocktail of adrenergic receptor
antagonists (propranolol, prazosin, and atipamezole: PPA), enhanced glym-
phatic flow and effectively reduced the severity of spontaneous seizures in the
chronic phase. The PPA treatment also reduced reactive gliosis and inhibited
the loss of polarized expression of AQP4 water channels in the vascular end-
feet of astrocytes. Administration of PPA after cessation of SE (30 hours post
KA) also effectively suppressed epileptogenesis and improved outcome.
Conversely, mice with constitutively low glymphatic transport due to genetic
deletion of the aquaporin 4 (AQP4) water channel showed exacerbation of
KA-induced epileptogenesis. We conclude that the pharmacological modula-
tion of glymphatic fluid transport may represent a potential strategy to dam-
pen epileptogenesis and the occurrence of spontaneous seizures following
KA-induced SE.

Epilepsy is a neurological disorder that is often associated with cogni-
tive and psychological disturbances arising from recurrent epileptiform
discharges that can be refractory to medical treatment1. Acquired epi-
lepsy can follow in the aftermath of several types of brain insults, such
as status epilepticus (SE) or traumatic injury. There is characteristically a
delay lasting from months to years after the initial insult to the first
unprovoked seizure heralding chronic epilepsy2,3, thus implying an
incubation period, while providing a broad window for therapeutic

interventions. The severity of the initial SE is directly linked with
the long-term outcomes4, although the precise mechanisms of epi-
leptogenesis are poorly understood. In the past three decades,
there have been more than ten randomized clinical trials aiming at
tackling post-traumatic epileptogenesis, including the trials with phe-
nobarbital, phenytoin, carbamazepine, and valproic acid5,6, none of
which have yet proved to be effective7,8. There is clearly a need for new
strategies to prevent epileptogenesis as a sequela of SE.
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Excessive excitatory activity drives synaptic potentiation of the
entorhinal cortex in the initial stages of SE9. Several lines of evidence
document modification of hippocampal microcircuit activity10,11, and
the reorganization of neuronal networks via excitatory axonal
sprouting after a SE event12–14. The microenvironment changes, which
include factors such as neurotransmitters, inorganic ions, cytokines,
and the extracellular volume, could all contribute to the neuronal
network re-organization post SE15–25. Recent studies highlight the role
of glymphatic transport in brain fluid and solute clearance26,27. Glym-
phatic flow is a highly organized system for fluid transport system
along the perivascular space surrounding the cerebral vasculature.
Astrocytic vascular endfeet plastering the vascular wall create the
perivascular space for glymphatic flow, and the polarized expression
of aquaporin 4 (AQP4) on the astrocytic endfeet imparts important
mediation of fluid influx. Genetic deletion or pharmacological inhibi-
tion of AQP4 reduces glymphatic fluid influx and efflux, which conse-
quently inhibits the clearance of extracellular substances from the
brain28–30. The state of glymphatic function is strongly regulated across
the sleep/wake cycle31,32, being most active during sleep, when nor-
epinephrine (NE) tone is low due to the physiological silencing of the
locus coeruleus. Indeed pharmacological antagonism of receptors for
the arousal-promoting neurotransmitter NE enhances glymphatic
transport32. Furthermore, pan-adrenergic receptor inhibition via
administering a cocktail of α1, α2, and β receptor blockers accelerates
glymphatic fluid transport and improves outcomes in models of acute
stroke or traumatic brain injury33–35. Because SE is associated with a
massive release of neuronal glutamate and other neuroactive com-
pounds, which might influence glymphatic clearance, we predicted
that pharmacological manipulation of glymphatic clearance might
moderate the severity of acquired epilepsy.

To test this hypothesis, we used a murine model with an intra-
hippocampal infusion of the excitatory substance kainic acid (KA) to
trigger SE, setting the stage for a chronic seizure disorder. After a
latent period, KA-infused mice develop spontaneous epileptic dis-
charges that share several features with temporal lobe epilepsy36–38.
We tested whether pan-inhibition of adrenergic receptors upon
initiation or after cessation of SE could improve long-termoutcomes,
using seizure rate as our endpoint. Conversely, we used a group of
AQP4 knockout mice to assess whether chronic suppression of
glymphatic flow would potentiate epileptic discharges in chronic
phase. The observations supported the notion that glymphatic
transport is a potent moderator of the severity of epilepsy arising
after SE.

Results
Characterization of status epilepticus induced by intrahippo-
campal kainic acid infusion
Mesial temporal lobe epilepsy is a major contributor to medically
refractory epilepsies and is the most frequent type of epilepsy referred
to surgical centers39. Mesial temporal lobe epilepsy can arise sponta-
neously, or can be acquired in the setting of brain injury involving
tumors, infection, stroke, childhood high fever, traumatic brain injury,
or status epilepticus40,41. Unilateral intrahippocampal infusion of kainic
acid (KA) is a widely used rodent model of mesial temporal lobe epi-
lepsy. An intrahippocampal KA infusion provokes an acute phase of
continuous epileptiform activity, followed by development of sponta-
neous seizures after a latent period36,42. Thus, the KA model provides a
time window for studying the process of epileptogenesis. The severity
of acute onsets determines the frequency of the spontaneous seizures
and the extent of brain pathology in the chronic phase43. We here
recorded behavioral and EEG/EMG signals for three days after intra-
hippocampal KA infusion (Fig. 1A). We defined a period of featured
active epileptiform activity, termed as “established SE”, which is com-
posedwith two distinct phases. The onset of the first convulsive seizure
in phase 1 occurred at 0.9 ±0.3 h post KA infusion. In total, we recorded

11.8 ± 2.2 convulsive seizures with mean Racine scale 4.5 ±0.3 over a
period of 4.8 ± 1.5 hours in phase 1 (Fig. 1F and Table 1). The convulsive
seizures lasted 115.0 ± 20.6 s, at a mean interval of 8.2 ± 1.4min (Fig. 1F
andTable 1). Non-convulsive seizureswithRacine scale <4 also occurred
also during phase 1 (Fig. 1E and Fig. S1A). Phase 2 was characterized by
non-convulsive seizures featured with high-frequency spike-wave
complexes (Fig. 1B–E). The spike frequency climbed from ~0.4Hz to a
peak 0.83 ±0.07Hz occurring at 9.0 ± 1.2 hours post KA infusion, and
declined thereafter (Fig. 1D and Table 1). The spike frequency falling
below 0.1Hz marked the end of SE. The mean Racine scale of phase 2
was 2.1 ± 0.6 (Fig. 1G and Table 1). After phase 2, the video recordings
indicated a gradual recovery of natural behavior, including free
exploring, grooming, sniffing, and food consumption, along with EEG
signals exhibiting the features of an interictal state.

Pan-adrenergic inhibition delays and shortens KA-induced sta-
tus epilepticus
Adrenergic inhibition has previously been shown to boost glymphatic
CSF influx32,34,35. An i.p. cocktail of adrenergic receptor antagonists
(PPA: prazosin, propranolol and atipamezole) was administered
immediately after the intrahippocampal KA infusion (KA-PPA, 5min),
while vehicle (isotonic saline) was injected in the control group
(KA-Veh). In phase 1, PPA significantly postponed the onset of the first
convulsive seizure (Fig. 1D–F and Fig. S1B). PPA treatment significantly
prolonged the duration of individual seizures, the interval between
seizures, and the duration of phase 1, but not the total number of
seizures during phase 1 (Fig. 1F and Table 1). PPA treatment sig-
nificantly shortened the duration of phase 2, and delayed the ascent of
spike frequency (Fig. 1D, F). PPA significantly reduced the number of
high-frequency spikes in phase 2 (Fig. 1F). PPA also significantly
reduced the Racine scores of seizures in phase 1, but not in phase 2
(Fig. 1G). In summary, pan-adrenergic inhibition significantly delayed
the initiation of SE, reduced the seizure severity during phase 1, and
lowered the spike rate in phase 2. However, PPA did not alter the total
number of seizures during phase 1.

Pan-adrenergic inhibition improves behavioral outcomes of KA-
induced chronic epilepsy
The first dose of PPA given at five minutes post KA infusion (KA-PPA,
5min)was followedby two subsequent doses at 24 h intervals (Fig. 2A).
PPA significantly reduced KA-induced mortality rate during the first
ten days post KA infusion as comparedwith KA-Vehmice (Fig. 2C). The
PPA treatment also rescued the significant and persistent weight loss
induced by KA (Fig. S7A,B). The PPA treatment on three consecutive
days significantly reduced the spontaneous seizure severity at
3–4 weeks after the SE event, in terms of the number of convulsive
seizures, the duration of individual seizure, and the maximal Racine
scale scores (Fig. 2B,D). In fact, three of seven mice in the KA-PPA
group did not exhibit any convulsive seizures during the recording
sessions (Fig. 2B). In addition, PPA also significantly reduced the fre-
quency of interictal spikes (KA-Veh 687.3 ± 48.2 vs KA-PPA
503.4 ± 73.9 spikes/h) (Fig. S3G). KA-Veh mice exhibited a decrease in
the total distanced traveling in the open field test and a shorter latency
to fall from the Rota-rod, but both deficits were normalized in the KA-
PPA mice (Fig. 2E, F).

The total duration of SE lasts less than 30 h (Table 1). To avoid
direct pharmacological manipulation during SE, we first applied the
initial dose of PPA at 30 h post KA in a separate set of experiments
(Fig. 3A). Much as in the KA-PPA (5min) setting, the delayed PPA
treatment (KA-PPA 30h) also significantly lowered the severity of
convulsive seizures, in terms of the number of convulsive seizures,
the maximal Racine scale scores and increased the number of con-
vulsive seizure-free days (Fig. 3B, C). However, as distinct from KA-
PPA (5min) treatment, KA-PPA (30 h) did not shorten the mean
duration of the convulsive seizures (Fig. 3C), nor did it rescue the
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body weight loss or mortality rate as compared with KA-Veh
(Fig. S7D, E). Recordings were also conducted at two months post
KA infusion after the delayed administration of PPA (Fig. 3D). At two
months, the KA-PPA (30 h) group had a significant reduction in the

number of convulsive seizures, but no difference in maximal Racine
scale and number of convulsive seizure-free days at two months
(Fig. 3E, F). In summary, the early three-day pan-adrenergic inhibi-
tion, initiated either at five minutes or 30 hours post KA infusion,
effectively reduced the number of convulsive seizure occurrences in
the chronic stages three weeks or two months later. Thus, three-day
pan-adrenergic inhibition suppressed delayed epileptogenesis after
the initial SE event.

A single dose of PPA administered at the chronic phase exhibits
a transient anti-epileptic effect
We next investigated the pharmacological effect of PPA administered
at threeweeks post KA (KA-PPA, 3weeks) (Fig. 4A).A singledoseof PPA
significantly suppressed the number of convulsive seizures during the
subsequent six hours, and delayed the onset of the first convulsive
seizure (Fig. 4B, C). The numbers of convulsive seizures during the 12 h
post-drug administration were comparable between PPA and Veh
groups (Fig. S8), while the PPA treatment tended to shorten the
duration of the convulsive seizures prevailing during this time window
(Fig. 4C). In addition, PPA significantly suppressed the frequency of
interictal spikes by ~40% between one and three hours post drug
administration, as compared to the individual baseline rates before
drug injection, while i.p. vehicle injection was without any such effect
(Fig. 4D, E). In summary, a single dose of PPA applied at three weeks
post KA infusion transiently suppressed spontaneous epileptic dis-
charges in chronic epileptic mice.

Table 1 | Status Epileptics Parameters

Phase Parameters KA-Veh KA-PPA p-Value

Phase 1 Lag Time before First
Seizure

0.9 ± 0.3 h 3.9 ± 0.8h 0.004

Duration of Phase 1 4.8 ± 1.5 h 10.0 ± 1.6 h 0.038

Total Number of Seizures 10.1 ± 2.0 14.0 ± 1.4 0.142

Duration of Seizures 115.0 ± 20.6 s 204.2 ± 17.3 s <0.001

Interval between Seizures 8.2 ± 1.4min 20.3 ± 2.5min 0.001

Racine Scale (maximum
hourly score)

5.5 ± 0.1 5.1 ± 0.1 0.029

Phase 2 Onset of Phase 2 5.7 ± 1.4 h 14.6 ± 1.4 h 0.001

Duration of Phase 2 22.5 ± 3.2 h 8.6 ± 2.6 h 0.007

Peak of Spike Frequency 0.8 ± 0.1 Hz 0.7 ± 0.1 Hz 0.201

Time of Peak Frequency
from KA infusion

9.0 ± 1.2 h 18.1 ± 2.2 h 0.003

Racine Scale (maximum
hourly score)

2.1 ± 0.6 1.3 ± 0.2 0.380

Duration of Phase 1 +
Phase 2

26.1 ± 4.2 h 19.9 ± 2.0 h 0.265

P-values were calculated by unpaired two-tailed t-test.
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Fig. 1 | PPA changes the pattern of status epilepticus after intrahippocampal
KA infusion. A Mice received an intrahippocampal infusion of KA (20mM, 50 nl,
10 nl/min, right CA1 region) followed by continuous 72-hour EEG recordings.B EEG
trace shows a representative example of KA-induced status epilepticus. C The
epileptiform activity was subdivided into two characteristic phases: phase 1, the
initial period, is characterized by recurrent seizures (stars), followed by phase 2 of
continuous epileptiform spiking discharges (red line segment) with high frequency
of spiking. Epileptiform discharges of phase 1 and phase 2 at higher temporal
resolution are shown on the right. D Time-course spike frequency analysis of the
KA-induced status epilepticus from representative vehicle and PPA-treated mice
over 72 hours after intrahippocampal KA infusion. PPA is an i.p. pan-adrenergic
receptor blocker cocktail consisting of prazosin (6mg/kg), propranolol (6mg/kg)
and atipamezole (0.6mg/kg). We chose a threshold of 0.1 Hz spike frequency for
the termination of phase 2 (horizontal dash line). E Hourly maximum Racine scale

by video inspection of KA-induced status epilepticus from representative vehicle-
and PPA-treated mice after intrahippocampal KA infusion. F Histogram comparing
the durations of the two phases of KA-induced status epilepticus in vehicle and PPA
treated KA mice. KA-Veh (n = 7) versus KA-PPA (n = 6): Phase 1 latency of the first
seizure post KA infusion, **P =0.004 (unpaired two-tailed t-test); seizure number,
P =0.148 (two-tailed Mann–Whitney test); Phase 1 duration, *P =0.038. (unpaired
two-tailed t-test); Seizure interval, **P =0.0011 (unpaired two-tailed t-test). Phase 2,
Total spike number, *P =0.043 (unpaired two-tailed t test); Phase 2 duration,
**P =0.007 (unpaired two-tailed t-test). G In a subset of the mice, Racine scale was
quantified from analysis of videotape recordings. KA-Veh (n = 4) versus KA-PPA
(n = 3): Racine scores of Phase 1, *P =0.029 (unpaired two-tailed t-test); Racine
scores of phase 2, P =0.380 (unpaired two-tailed t-test). Data are presented as
mean ± SEM.
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Pan-adrenergic inhibition enhances glymphatic influx in healthy
and epileptic mice
PPA boosts glymphatic transport in anesthetized mice32,34. In the pre-
sent study, PPA enhanced the glymphatic influx by 47.7% in coronal
slices at AP +0.6mm in awake, wildtype mice (Fig. 5A,B). PPA sig-
nificantly increased the glymphatic influx in ventral cerebral cortex
and hypothalamus ROIs as compared with WT-Veh mice AP -1.2mm
(Fig. 5C). PPA also significantly elevated the EEG slow wave activity
(SWA, 0.5–4Hz) (Fig. 5D). PPA treatment administered immediately
following KA intrahippocampal infusion rescued the significant
reduction on glymphatic influx otherwise seen at five hours after
intrahippocampal KA infusion, in the midst of phase 1 of the estab-
lished SE (AP + 0.6mm, Fig. 5E,F). However, the brain regional quan-
tification showed no significant restoring effect by PPA of glymphatic
influx in individual regions (Fig. S2B,C). PPA administered at three
weeks post KA infusion exhibited similar effects in rescuing the sup-
pression of glymphatic influx in KA-Vehmice (AP +0.6mm, Fig. 5G,H).
Brain regional enhancement of glymphatic influx in these animals was
similar to the effect of PPA in wildtype mice (Fig. 5C,I). In chronic
epileptic mice, PPA significantly enhanced EEG slow wave activity
(0.5–4Hz) and reduced the power of theta band (4–8Hz) (Fig. 5J).
These observations extend the prior findings that SWA correlates
positively with glymphatic tracer influx32,44.

Early pan-adrenergic inhibition improves glymphatic function
in the chronic epileptic stage
Basedon theobservations of the improvements in epileptogenesis and
behavioral outcomes in KA mice receiving early three-day PPA treat-
ment (Fig. 2), we next tested if early PPA treatment also improves
glymphatic function in chronic epileptic mice (Fig. 6A). Glymphatic
influx was significantly lower in KA-Veh mice compared to control
mice, but was fully rescued by early PPA treatment (Fig. 6B). We also
assessed glymphatic efflux with a real-time in vivo assay, following a
recently publishedprotocol45. Here, we imaged the femoral vein lumen
for up to two hours following intrastriatal infusion of the small mole-
cular weight (0.96 kDa) fluorescent tracer Direct Blue 53 (DB53) in
anesthetized mice (Fig. 6C). DB53 binds irreversibly to blood albumin,
such that the blood signal represents the total export of DB53 from the
brain to blood45. There was a significant reduction in DB53 fluores-
cence intensity over the femoral vein in chronic KA mice, indicating
suppressed glymphatic efflux. The mice with early PPA treatment
exhibited efflux levels similar to sham mice, suggesting a complete
rescue of glymphatic efflux by PPA (Fig. 6D).

AQP4 facilitates glymphatic flow and is selectively expressed by
astrocytes in brain46,47, being mainly present in the astrocytic endfeet
that surround the vasculatures, whereas loss of this vascular polar-
ization is linked to reduced glymphatic fluid transport28. KA-Veh mice
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Fig. 2 | Pan-adrenergic inhibition improvesbehavioraloutcomesofKA-induced
chronic epilepsy. A Timeline of the experimental design. Five minutes after
intrahippocampal KA infusion, mice were randomly divided into two groups that
received daily injections of either PPA or vehicle for three consecutive days. After
3–4 weeks, cortical EEG electrodes were implanted in a subgroup of mice and EEG
recordings obtained one week later. In parallel, we measured open-field and Rota-
rod behavioral scores in a separate group ofmice. B Seizure event plots show each
convulsive seizure (red dot) onset time for individual mice in four-day recordings
from the KA (left) and PPA-treated KA (right) groups. Heatmap (below) indicates
the frequency of seizure onsets per mouse per four-hour recording in each group.
CKaplan–Meier survival curve of Sham, KA-Veh andKA-PPA (5min) groups after KA
infusion (n = 12 each, Sham vs KA-Veh *P=0.039, KA-Veh vs KA-PPA **P =0.003,
Log-rank test). D The numbers of seizures in 4-day recordings, duration of spon-
taneous seizures, maximum Racine scale in four days, and number of seizure-free

days contrasted between KA-Veh and KA-PPA mice. KA-Veh (n = 6) versus KA-PPA
(n = 7). Seizure numbers, *P =0.044 (two-tailed Mann–Whitney test); seizure
duration, *P =0.031 (unpaired two-tailed t-test); maximal Racine scale, *P=0.048
(two-tailed Mann–Whitney test) and seizure-free days, P =0.237 (unpaired two-
tailed t-test). E The representative traces of motion trails in the open-field test
among Sham, KA-Veh and KA-PPA groups (left). The comparisons of total distances
traveled are presented on the right. (one-way ANOVA, Tukey’s multiple compar-
isons test, Sham (n = 5) vs KA-Veh (n = 5) **P =0.006, KA-Veh (n = 5) vs KA-PPA
(n = 6) *P=0.013). F Motor coordination and motor learning by the Rota-Rod test
showing partial recovery with PPA treatment. Comparison of the latency to fall
among Sham, KA-Veh and KA-PPA groups (two-way ANOVA, Tukey’s multiple
comparisons test, Sham (n = 7) vs KA-Veh (n = 8), ***P<0.001, **P=0.005; KA-Veh
(n = 8) vs KA-PPA (n = 8) #P <0.05). Data are presented as mean± SEM.
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exhibited a significant upregulation of AQP4 protein expression levels
in the hippocampal CA1 region and decreased vascular polarization in
multiple brain regions at three weeks post KA infusion (Fig. S3C–E,
Fig. 6E,F). There was a significant reduction in AQP4 polarization in
somatosensory and ventral cortex, and hypothalamus of KA-Veh mice
(Fig. S3A–D), but a partial normalization was evident in the KA-PPA
group (Fig. S3D). In summary, early PPA treatment increased glym-
phatic clearance and partially normalized AQP4 vascular polarization
in the chronic epileptic phase.

Early pan-adrenergic inhibition alleviates the delayed inflam-
matory responses
At three weeks post KA infusion, therewas increased expression of the
astrocytic marker GFAP (astrocyte marker) and the microglial marker
CD68 in the hippocampal CA1 and somatosensory cortex (S1) in KA-
Veh mice compared to Sham-Veh mice (Fig. S4A,B). The KA-PPA
(5min) treatment significantly reduced GFAP-positive area in both
regions, whereas CD68 positive area increased only in the

hippocampus of the KA-Veh group, with no effect of PPA in chronic KA
mice (Fig. S4A,B). Neuronal loss was evident in the hippocampus and
somatosensory cortex in KA-Veh mice to NeuN immunohistochem-
istry, but PPA treatment significantly reduced the neuronal loss
(Fig. S4C). We also sampled the extracellular fluid via cerebral micro-
dialysis andmeasured cytokine/chemokine levels three weeks post KA
infusion (Fig. S5A). Concentrations of the pro-inflammatory cytokines,
G-CSF, IL-1β, IL-6 and the pro-inflammatory chemokine KC (CXCL1)
were significantly higher in KA-Veh mice versus Sham-Veh mice. PPA
treatment significantly lowered the levels of G-CSF as compared with
KA-Veh mice (Fig. S5B–D).

Glymphatic influx correlates inversely with the severity of
epilepsy
We correlated CSF tracer influx with the severity of the spontaneous
seizure and with indices of cerebral pathology (GFAP immunolabeling,
neuronal density, and AQP4 vascular polarization) three weeks after
KA infusion. The correlation analysis showed that glymphatic CSF
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Fig. 3 | 30-hour delayedpan-adrenergic inhibition reduces rate of spontaneous
seizures in a chronic epilepsy model. A Timeline of experimental design. At 30h
after intrahippocampal KA infusion, mice were randomly divided into two groups
that received either a daily injection of PPA or vehicle for three consecutive days.
After 3–4 weeks, cortical EEG electrodes were implanted and recordings were
obtained one week later. B Seizure event plots show each convulsive seizure (red
dot) onset time for individuals in four-day recordings from the KA-Veh (left) and
KA-PPA (30 h) (right) groups. Heatmap (below) indicates the frequency of seizure
onsets per mouse per four-hour recording in each group. C The analysis of seizure
numbers, duration of spontaneous seizures, maximumRacine scale in the four-day
recordings, and seizure-free days between the KA-Veh and KA-PPA (30 h) mouse
groups at 3–4 weeks. KA-Veh (n = 6) versus KA-PPA (n = 11), maximal Racine scale,
*P=0.031 (two-tailed Mann–Whitney test); seizure numbers, *P=0.042 (two-tailed
Mann–Whitney test); average seizure duration, P =0.719 (unpaired two-tailed

t-test), and seizure-free days, **P =0.004 (two-tailed Mann–Whitney test).
D Timeline of experimental design. At two months post-KA infusion, four-day EEG
recordings were obtained from the KA-Veh and KA-PPA (30 h) groups. E Seizure
event plots show each convulsive seizure (red dot) onset time for individuals in the
4-day recordings from the KA-Veh (left) and KA-PPA (30 h) (right) groups at two
months. FThe heatmap (below) indicates the frequency of seizureonset permouse
during the four-hour recordings in each mouse group. The analysis of seizure
numbers, duration of spontaneous seizures, maximumRacine scale in the four-day
recordings, and seizure-free days between the KA-Veh and KA-PPA (30 h) mouse
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scale, P =0.100 (two-tailed Mann–Whitney test), seizure numbers, *P =0.035
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tailed t-test), and seizure-free days, P =0.181 (unpaired two-tailed t-test). Data are
presented as mean± SEM.

Article https://doi.org/10.1038/s41467-024-53430-y

Nature Communications |         (2024) 15:9600 5

www.nature.com/naturecommunications


tracer influx correlated inversely with spike frequency (R2 = 0.664,
p <0.001), seizure duration (R2 = 0.874, p < 0.001) and number of sei-
zures (R2 = 0.394, p =0.004), and with the severity of astrogliosis
(R2 = 0.827, p <0.001). On the other hand, glymphatic CSF tracer influx
correlated positively with the AQP4 polarization index (R2 = 0.342,
p = 0.022), and CA1 hippocampal neuronal density (R2 = 0.822,
p <0.001) (Fig. 6G). Taken together, the CSF glymphatic inflow closely
correlates with the severity of epileptiform discharges and brain
pathologies in the chronic phase of intrahippocampal KA-induced
epilepsy.

Aqp4 knockout aggravated KA-induced SE and the severity of
chronic epilepsy
We next tested whether a constitutive reduction in glymphatic flow
would worsen the outcome in KA-induced epilepsy. Aqp4 knockout
(Aqp4-/-, Aqp4-KO) mice on a C57BL/6 background have previously
been shown to exhibit reduced glymphatic flow28,30. KA-Veh Aqp4
knockout mice and their wildtype littermates exhibited similar
neuronal discharges patterns as the FVB mice used in the prior
experiments (Figs. 1 and 7A). As compared with wildtype littermate
controls, Aqp4-KO mice exhibited significantly shortened latency of
first seizure onset, greater mean duration and severity of seizure
onset in phase 1, and prolonged the duration and total epileptic
spike number in phase 2 (Fig. 7B). Aqp4-KO mice tended to have
longer latency to phase 2 (Fig. 7B,C). There was no significant dif-
ference in the number of seizures in Aqp4-KO mice compared
to controls in Phase 1 (Fig. 7C). In several epilepsy models,
C57BL/6 strain background mice develop less severe seizures than
FVB mice48,49. Similarly, we here observed that four of five wildtype
mice did not exhibit spontaneous seizures during the four con-
secutive days of recording in the chronic phase (Fig.7D). In contrast,
the Aqp4 knockout mice exhibited a significantly higher number of
seizures, prolonged seizure duration, higher maximal Racine scale
readouts and fewer seizure-free days in the chronic phase as com-
pared with wildtype littermates (Fig. 7D).

Discussion
Several lines of evidence suggest that early interventionduring a status
epilepticus (SE) attack is critically important for long-term
prognosis50–53. In this study, we report that administering a cocktail
of pan-adrenergic receptor antagonists (designated as PPA) to mice in
the acute phase of SE was beneficial with respect to epileptic, beha-
vioral, and pathological outcomes in the chronic phase. PPA adminis-
tered five minutes after the intrahippocampal KA infusion did not
reduce the number of convulsive seizures, but delayed their onset
(Fig. 1). Three-consecutive days’ treatment of PPA after KA infusion
efficiently reduced the epileptic discharges and improved perfor-
mance on behavioral tests, as well as brain pathology outcomes (Fig. 2
and S3, S4). Early PPA treatment in seizure mice also improved glym-
phatic transport and restored the AQP4 vascular polarization (Figs. 5,
6, and S3). Delaying the initial dose of PPA treatment until immediately
after the cessation of SE, or even by 30 h after KA infusion, also
imparted long-term benefits, including a reduction in the number of
seizures and a higher number of seizure-free days at three weeks and
two months after KA infusion (Fig. 3). This observation is important,
because it shows that PPA administered after SE attenuates the long-
term severity of KA-induced epilepsy.

A single dose of PPA administered in the chronic epileptic phase
(three weeks) also transiently reduced the number of spontaneous
seizures and lowered the interictal spike frequency (Fig. 4). In contrast,
Aqp4 knockout mice with suppressed glymphatic transport, exhibited
a significantly prolonged duration of status epilepticus and more
severe epileptic discharges in chronic phase (Fig. 7). These findings
support the notion that the enhancement of glymphatic function by
pan-adrenergic receptor antagonismcould be a potential approach for
alleviating epileptogenesis.

Pan-adrenergic inhibition reduces KA-induced status
epilepticus
Adrenergic receptors are known to regulate neuronal excitability54–58.
Excessive NE release occurs in the setting of SE59, and clinical and pre-
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Fig. 4 | Delayed administration of PPA at 3 weeks post-KA transiently reduces
seizure burden. A Timeline of experimental design of 3-week delayed PPA treat-
ment. At 3–4weeks post KA infusion,mice received a single intraperitoneal dose of
PPAor saline vehicle. (B) Representative plot of seizures onset distributions during
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clinical evidence indicates that adrenergic receptor subtypes moder-
ate the susceptibility of epileptic seizures. A 2010 review summarized
the effect of antidepressants and adrenergic medications such as clo-
nidine, prazosin, and propranolol on seizure susceptibility and epi-
lepsy development. The author argued that all threemajor subtypes of
adrenergic receptors had both anti- and pro-seizure effects60. Another
2016 review organized the previous reports by the category of evi-
dence and type of seizures61. The authors concluded that in human
studies,α1 receptor hyposensitivity contributed to the failed inhibition
of focal seizures, whereas β-receptor activation enhanced the antic-
onvulsive efficacy of conventional anti-epileptic drugs. In animal
models of focal seizure, α1A, α2, and β2-receptor stimulation inhibited
seizures, while α1D receptor antagonism exerted an anti-seizure effect.
In generalized seizure models, most data suggest that α1-and α2-
receptor agonists have anticonvulsant actions, but that β-receptor
antagonists also have anticonvulsant activity. Several recent studies
also support a protective role of adrenergic signaling in seizures.

Clinically, α2B receptor mutations are associated with autosomal
dominant corticalmyoclonus and epilepsy (ADCME)62. In experimental
studies, α-adrenergic receptors mediate the inhibitory effect of elec-
trical brain stimulation on epileptiform activity63. Animal studies sug-
gest that β2A-receptor activation prevents bicuculline-induced seizure
in the piriform cortex64. Ex vivo studies revealed that β-receptor acti-
vation shortened and delayed spike bursts evoked by 4-aminopyridine
in hippocampal slices65. Finally, activation of α2A receptors inhibited
seizure-like activity in a brain slice picrotoxin model66. Overall, drugs
targeting adrenergic receptor subtypes have exerted a variety of
effects on seizures in preclinical and clinical studies.

We here hypothesize that blocking all the main subtypes of
adrenergic receptors might reduce the severity of the initial SE,
based on our observations that the same treatment potently
enhanced glymphatic transport32, and was neuroprotective in acute
ischemic stroke and traumatic brain injury models34,35. Hyper-
excitability during SE is believed to be the key mediator of
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epilepsy chronic phase. A At 3–4 weeks, AQP4 immunostaining, CSF tracer influx
and clearance were analyzed. B Glymphatic analysis (left). Population-based aver-
age images of CSF tracer distribution in coronal sections (AP + 0.6mm) (middle).
The tracer influx area fractions (right), sham-Vehicle vs KA-Vehicle ***P <0.001, KA-
Vehicle vs KA-PPA *P =0.020, One-way ANOVA, Tukey’s multiple comparisons test.
C Schematic showing striatal cannula implantation and in vivo DB53measurement.
D Representative in vivo femoral vein images. (Left, scale-bar,1mm). Time-course
fluorescent intensity of DB53 in the femoral vein (middle, Sham (n = 5) vs KA-Veh
(n = 3), ***P <0.001; KA-Veh (n = 3) vs KA-PPA (n = 4), ***P <0.001). Quantification of
efflux (area under curve, AUC, 0-120min) (right, ShamvsKA-Veh *P =0.035, KA-Veh
vs KA-PPA *P =0.037, one-way ANOVA, Tukey’s multiple comparisons test). E AQP4
expression in somatosensory cortex, insert show higher magnification images
(scale bar, 80 µm, insert, 50 µm). Quantification of AQP4 immunoreactivity (Sham-

Veh KA-Veh *P =0.032, KA-Veh vs KA-PPA *P =0.017, one-way ANOVA, Tukey’s
multiple comparisons test). F Quantification of AQP4 polarization index around
small and large vessels (Upper panel, small vessels, sham-Veh vsKA-Veh, *P =0.040;
KA-Veh vs KA-PPA, *P =0.020. Lower panel, large vessels, Sham-Veh vs KA-Veh
*P =0.042, KA-Veh vs KA-PPA **P =0.008. One-way ANOVA, Tukey’s multiple
comparisons test). G Glymphatic tracer influx correlates with the severity of epi-
lepsy. Left, Correlations of CSF tracer influx with interictal spike frequency
(R2 = 0.664, ***P <0.001), and with the severity of astrogliosis by CA1 GFAP
expression (R2 = 0.827, ***P <0.001). Middle, correlations of influx with CA1 neu-
ronal count (R2 = 0.822, ***P <0.001), and cortical AQP4 polarization index
(R2 = 0.342 *P =0.022). Right, Correlations of influx with seizure duration
(R2 = 0.874, ***P <0.001) and seizure number (R2 = 0.394, **P =0.004). Linear least
squares regression. MPI, mean pixel intensity. Mice/group n are indicated on the
graph. Data are presented as mean ± SEM.
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neuronal loss and remodeling of synaptic networks leading to
recurrent spontaneous seizures67–70. Based on the rational, that
enhancing glymphatic clearance would improve the normalization
of extracellular K+34 and lactate71 and flush other mediators of hyper-
excitability from the brain, we here tested the effects of PPA on
glymphatic function and epileptogenesis. To map the effect of pan-
adrenergic blockage, we employed long-term EEG/EMG/video

recordings (three days) after intra-hippocampal KA infusion. In
phase 1, PPA delayed the seizure onset and increased the inter-
seizure intervals, thereby increasing the duration of seizure-free
periods. In phase 2, PPA triggered a substantial reduction in the
average spike intensity and promoted normalization of spike activ-
ity. PPA also improved glymphatic fluid transport at five hours after
KA infusion or during phase 2 SE in both groups (Fig. 5E).
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Epileptogenesis and the partial rescue by pan-adrenergic
blockage
The latency between the onset of acquired epilepsy and the initial
insult is variable, with clinical reports ranging from months to
years72–74. In the mouse model of intrahippocampal KA infusion, the
animals develop spontaneous seizures with a frequency of 8.0 ± 6.3
per day after a latent period of 13–30 days37,75–79. In the latent period,
epileptogenesis involves multiple and complex molecular and cellular
mechanisms. According to the current literatures on human and
rodent studies, epileptogenesis involves neurons and glial cells and is
the downstream result of hypoxia80,81, oxidative stress82,83, and
glutamate-mediated excitotoxicity84–86. Activation of glial cells as well
as blood-borne inflammatory cell infiltration contribute to intracer-
ebral release of inflammatory mediators such as cytokines that may
cause secondary neuronal injury84,87,88. Breaching of the BBB and def-
icits in astrocytic K+ buffering are additional factors in
epileptogenesis89,90. Several lines of evidence suggest that axonal
growth/sprouting, excitatory synaptogenesis, dendrite arborization
andneurogenesis play crucial roles in rewiring neuronal circuits,which
in turn facilitate electrical discharges that generate recurrent sponta-
neous seizures91–93. Adrenergic α- and β-receptors in the brainmediate
pro- and anti-inflammatory responses under various conditions94. In
our study, PPA exerted a clear anti-inflammatory role by dampening
astrogliosis and increasing pro-inflammatory cytokine levels after KA
infusion. Cytokines that are mainly released by microglia, including
G-CSF which was suppressed by PPA, even though CD68 expression
was unaffected. These observations suggest that PPA targeted select
inflammatory pathways in microglial cells95,96. Additionally, our
assessment of BBB permeability indicated that PPA did not sig-
nificantly impact BBB integrity at the late phase of SE (24h after SE,
Fig. S6).We propose that boosting glymphatic fluid transport with PPA
restricted the inflammatory response by promoting the clearance of
lactate, K+, cytokines and other agents promoting excitability71,97

independent of changes in BBB permeability, with additional benefits
obtained via adrenergic reguation of inflammatory cells. This also
explains why, even though we did not find significant glymphatic
enhancement in the hippocampus (Fig. 5C,I), probably due to severe
astrogliosis as result of kainite acid local infusion98,99, PPA treatment
beneficial effects on epileptogenesis may reflect an improvement of
brain-wide clearance100.

Why does seizure activity reduce glymphatic influx and why
does enhancing glymphatic flow shorten seizure duration?
Cerebrospinal fluid transport is propelled by several physiological
drivers101. Along the glymphatic pathway, the influx is highly sensitive
to changes in the extracellular space volume32, which shrinks by
approximately 35% during epileptic seizures102,103. Indeed, pilocarpine-
induced seizures progressively shrank the extracellular space volume,
which only slowly normalized along with the normalization of EEG
activity in rats104. Shrinkage of the extracellular space volume increases

tissue resistance towards fluid flow and reduces thereby glymphatic
activity27. Thus, the suppression of glymphatic fluid transport in the
acute phase of a seizure might be a consequence of cell swelling and
extracellular space volume shrinkage. In the chronic phase of epilepsy,
reactive gliosis and associated loss of perivascular polarization of
AQP4 (Figs. 6E and S3)may plausibly be held responsible for sustained
suppression of the glymphatic system. Thus, the depolarization of
AQP4 in the chronic epileptic brain is likely a consequence of epileptic
injury that contributes to glymphatic dysfunction. The more severe
epilepsy exhibited by Aqp4 knockout mice in the chronic phase gives
support for a causative role of glymphatic function in aggravating
epileptogenesis. This observation (Fig. 7) is in line with prior studies
reporting a loss of AQP4 aggravates seizure severity and
epileptogenesis105,106. Herein, we propose that AQP4-mediated glym-
phatic substance clearance is a relevant factor, although we do not
exclude the possibility that other mechanisms such as edema forma-
tion and neuroinflammation107,108 might increase the vulnerability of
thebrain following SE. It should alsobenoted thatAqp4 knockoutmice
display several adaptive changes, including an expansion of the
extracellular space volume, altered diffusion parameters and changes
in astrocytic volume regulationandCa2+ signaling30,108–110. In addition to
the low glymphatic activity, these changes may contribute worsening
of the KA-induced seizure in Aqp4 knockout mice.

Another key question is why pan-adrenergic blockage pro-
longed phase 1 and thereby delayed the onset of phase 2 after
intrahippocampal KA infusion. Our analyzes showed an immediate
boost of glymphatic flow by PPA administration after KA (Fig. 6).
Influx of CSF should reduce the accumulation of extracellular glu-
tamate, K+, and lactate, thereby facilitating the termination of sei-
zure activity. In fact, PPA treatment alone increased the extracellular
space volume32, and accelerated the normalization of K+ after
spreading depression waves, thus resulting in faster restoration of
normal EEG activity and evoked potentials97. The major electro-
physiological effect of pan-adrenergic blockage after KA infusion
was the shortening of the period of abnormal electrical activity and
dampened epileptogenesis in the chronic phase (Fig. 1F). We spec-
ulate that boosting metabolic waste clearance accelerates the nor-
malization of both glutamate, K+, lactate, and lowers brain cytokine
levels, thus facilitating the termination of seizure activity. We cannot
exclude the possibility that inhibition of neuronal NE receptors also
contributes to the shortening of the seizure. Yet, the complicated
actions of NE in seizures discussed above suggest that non-neuronal
mechanisms also are in play.

A limitation of this study is that the intracisternal magna infusion
protocol we used (30minutes circulation time and Bovine Serum
Albumin/Ovalbumin fluorescent tracer, 66 kDa/45KDa) was not opti-
mized for demonstrating hippocampal glymphatic influx. The influx of
large CSF tracers into cortical regions are always higher than in the
hippocampus111–114. Alternative approaches are needed to better assess
glymphatic transport in the hippocampus, such as extending CM

Fig. 7 | AQP4 deletion aggravates KA-induced seizures. A AQP4-KO and C57
wildtype control mice received an intrahippocampal infusion of KA followed by
continuous 72-hour EEG recordings. After 3–4 weeks, the same groups of mice
underwent four-day EEG recordings. EEG trace shows a representative example of
KA-induced status epilepticus (stars: seizures). As in Fig. 1, the epileptiform activity
was subdivided into twophases, with depiction of recurrent seizure onsets in phase
1 (middle in light-colored box). Epileptiform discharges of phase 2 are displayed at
higher temporal resolution (right in dark-colored box). B Time-course spike fre-
quency and hourly maximal Racine scale of the KA-induced status epilepticus from
representativeWT andAqp4-KOmice.CHistogramcomparing the durations of the
two phases of KA-induced status epilepticus in control and AQP4-KOmice. Phase 1,
latency of the first seizure post KA infusion, WT (n = 5) versus Aqp4-KO (n = 8),
*P =0.019, unpaired two-tailed t-test test; number of seizures, WT (n = 5) versus
Aqp4-KO (n = 8), P =0.302, unpaired Mann–Whitney’s test; Phase 1 duration, WT

(n = 5) versus Aqp4-KO (n = 8), P =0.378, unpaired two-tailed t-test; seizure dura-
tion, WT (n = 5) versus Aqp4-KO (n = 8), *P =0.017, unpaired two-tailed t-test; sei-
zure interval, WT (n = 5) versus Aqp4-KO (n = 8), P =0.343, unpaired two-tailed t-
test; mean Racine Scale, **P =0.007, unpaired two-tailed t-test. Phase 2, duration,
WT (n = 4) versusAqp4-KO (n = 8), *P=0.026, two-tailedMann–Whitney’s test; total
spike number, WT (n = 4) versus Aqp4-KO (n = 8), *P=0.047, two-tailed
Mann–Whitney’s test. D The seizure numbers in the four-day recordings, duration
of spontaneous seizures, maximal Racine scale in the four-day recordings, and
seizure-free days compared between control and AQP4-KO mice during chronic
epilepsy (3–4 weeks after intrahippocampal KA infusion). N = 5 each, seizure
numbers, *P=0.040 (two-tailed Mann–Whitney’s test); seizure duration,
***P <0.001 (unpaired two-tailed t-test); maximal Racine scale, *P=0.024 (two-
tailed Mann–Whitney’s test) and seizure-free days, *P=0.040 (two-tailed
Mann–Whitney’s test). Data are presented as mean ± SEM.
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infusion with longer circulation time (60minutes) and using a smaller
fluorescent tracer (Dextran, 6kD)115 or in vivoMRI imagingwith specific
tracers30.

Translational potentials and remaining uncertainties
Functional imaging has revealed that glymphatic activity is impaired in
epileptic patients21,116–120. Due to the harmful consequences of epi-
leptogenesis and recurrent seizures in epileptic patients, there is an
urgent need to identify effective remediation strategies7. The anti-
epileptic drugs currently used in the clinic for acquired epilepsy
include phenobarbital, phenytoin, carbamazepine and valproate121.
Experimental studies have shown the effects of antioxidants, gluta-
matergic receptors, astrocytic glutamate uptake, anti-inflammatory
substances, regulation of regeneration and neuroplasticity in the
context of epileptogenesis122. Increasing brain “waste disposal” is a
reasonable strategy for epileptic patients. The components of PPA,
propranolol, prazosin, and atipamezole, are all clinically commonly
used medications, but their possible side effects must necessarily be
assessed. Fine-tuning of the combinations and proportions of the
three antagonists might optimize the therapeutic effects, while mini-
mizing side effects. The data presented here shows that glymphatic
enhancement serves as an immediate responder during the initial SE as
well as afterward and that potentiation of glymphatic flow, reduce the
severity of the spontaneous seizures in the chronic epileptic phase.

Methods
Animals
FVB/2 Jmice aged 8-12 weeks old andweighing 25–35 gwere used for
all experiments. AQP4 knockout mice aged 6 months old on a
C57BL/6 background were the generous gift of Dr. Ming Xiao
(Nanjing Medical University, China)123. Mice were housed in groups
of five with a 12-hour light/dark cycle and ad libitum access to water
and food in standard laboratory conditions. The committees on
animal experimentation at the Universities of Rochester and Fudan
separately approved all experiments (Protocol No. 2011-022 and
2011-023). The animal studies were performed in accordance with
guidelines of the National Institutes of Health and Association for
Assessment and Accreditation of Laboratory Animal Care (AAALAC)
standards, and according to the Animal Experiment and Use Com-
mittee at the Shanghai Medical School of Fudan University
(20200306-051). We randomly allocated mice to different experi-
mental groups and made all efforts to minimize the animals’ dis-
comfort throughout the experiments.

Induction of status epilepticus
To induce status epilepticus (SE), mice were anesthetized at ZT 8
with 2 % isoflurane and fixed in a stereotaxic frame for drilling a
0.8mm diameter cranial burr hole (Tech2000, RAM) over the right
dorsal hippocampus. Directing a Hamilton syringe (65457-01, 0.5 μl,
32 gauge) at the coordinates AP = −1.8, ML = −1.6, and DV = 1.8mm,
we infused a 50 nl volume of 20mM KA (Cat. K0250, Sigma-Aldrich,
St. Louis, MO.) dissolved in saline. The infusion was performed at a
rate of 10 nl/min, with the needle remaining in place for seven
minutes prior to its withdrawal. To enable recording the electro-
encephalogram (EEG) and electromyogram (EMG) signals during SE,
four-screw electrodes configured as in Fig. S1A were implanted on
the frontal and somatosensory cortices of the hemisphere con-
tralateral to infusion site, as previously reported44,124, with place-
ment of EMG wire-leads underneath the neck muscles. A group of
mice received EEG/EMG electrodes together with an intrahippo-
campal cannula (PlasticsOne, Roanoke, VA) one-week prior to the KA
infusion. In that setting, a 1 µl volume of 1mM KA or saline vehicle
was infused without anesthesia over five-minute period. Following
surgery and for the next two days, mice were administered 1ml i.p.
0.9% saline to prevent dehydration.

Treatment with pan-adrenergic inhibitor cocktail
After the intrahippocampal infusion of KA (post KA), mice received an
i.p. injection of saline or a cocktail of noradrenergic receptor inhibi-
tors/antagonists (PPA). For the PPA treatment, we followed a mod-
ification of the protocol in our prior studies34,35,125: The PPA mixture
contained prazosin hydrochloride (6mg/kg; Sigma Aldrich, Cat.
P7791), propranolol hydrochloride (6mg/kg; Tocris Bioscience, Cat.
0624), and atipamezole hydrochloride (0.6mg/kg, Tocris Bioscience,
Cat. 2937), prepared in 0.1% DMSO solution in 0.88mL saline.
According to the particular experiment, we administered PPA at five
minutes (KA 5min), 30 h (KA 30 hours), or three weeks (KA 3 weeks)
post KA infusion. For KA 5min and KA 30 hours mice, we gave three
daily successive PPA doses at the same ZT time. For the KA 3 weeks
mice, we gave a single PPA dose. Mice in the control groups received
sham surgeries and one or three i.p. injections of vehicle (0.1mL 0.1%
DMSO in saline).

Behavioral evaluation of seizures
After intrahippocampal vehicle or KA infusion, mice were transferred
to a recording chamber with 12-12 hr light cycle for 72 h of continuous
infrared video recording (Samsung SDC-9443BC) and electro-
physiological monitoring (details below) throughout the SE. The mice
could move freely and had free access to food and water. Based on
viewing of the video-recording, we ranked the convulsive behavior
according to themodified 7-point Racine scale126: (0) Normal behaving;
(1) immobility,motionless staringor suddenbehavioral arrest; (2) head
nodding, stiff tail or facial jerking; (3) isolated myoclonic jerks, neck
jerks or cycling; (4) forelimb clonic seizure; (5) tonic–clonic seizure
lying on belly or side; (6) convulsion with jumping or rear and falling;
(7) convulsion culminating in death. The final score was the mean
rating from two independent researchers.

The correspondence between behavioral and electro-
physiological evaluation seizures
EEG/EMG Signals were collected with 8206-HR (Pinnacle Technology,
KS) or AxonDigiData 1322a andClampex 10.2 softwarewith a sampling
rate of 1 KHz. Referring to prior studies127,128, a seizurewith Racine scale
of 4 or above corresponded to the following electrophysiological
features in the EEG signals: (1) synchronized high-frequency firing of
amplitude at least twice the baseline signal amplitude; (2) seizure
lasting longer than 20 s; (3) seizure followed by post-ictal depression
with flattened EEG amplitude129. Meanwhile, wemeasured tonic/clonic
muscular contractions by the EMG electrodes. Seizures qualified as
convulsive seizures from the EEG/EMG recordings, or by behavioral
scoring of Racine scale ≥ 4. Seizures failing to meet the above criteria
in EEG/EMG signals, or seizures with Racine scale <4 were categorized
as non-convulsive seizures130.

Electrophysiological assessment of the kainite-induced status
epilepticus
During the first 30 hours after intrahippocampal KA infusion, a period
of recurrent epileptic activity characterized by electrophysiological
and behavioral features was defined as “established status epilepticus
(SE)”, due to its similarity with the phenotype occurring during SE in
humans131. The “established SE” starts with the first convulsive seizure
post KA infusion, and consists of two successive phases: In phase 1,
animals exhibited predominantly recurrent convulsive (Racine scale ≥
4) along with sparse non-convulsive seizures (Racine scale <4). Phase 1
ended if no more seizure onset in two hours after the last recorded
convulsive seizure. Phase 1 was followed by phase 2, which was char-
acterized by continuous spike-waves in the EEG signals, along with
non-convulsive SE to behavioral assessment (Racine Scale <4). In phase
2, convulsive seizures could occur sparsely at intervals exceeding one
hour. After the KA infusion, the spike-wave frequencyfirst increased to
a peak and then declined; we defined the end of phase 2 as the time
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when spike-wave frequency had decreased to 0.1 Hz. The definition of
phases is illustrated in Fig. 1 and Fig. S1.

Electrophysiological assessment of spontaneous epileptic dis-
charges in chronic phase after SE
To evaluate the severity of the spontaneous epileptic discharges, we
obtained video and EEG/EMG recording for four consecutive days at
either three weeks or two months post KA. We defined the start of a
spontaneous seizure as the time point when the EEG signal amplitude
reached twice the baseline levels. The scoring of the spontaneous
seizures was as described above (Behavioral evaluation of seizures).
Spontaneous interictal spikes prevalent in chronic phase were identi-
fied as isolated events of duration less than 100ms with amplitude
exceeding twice the baseline. The interictal spike frequency was
automatically detected with a modification of a customized MATLAB
script132, and then manually checked. In brief, raw EEG signals were
decomposed using wavelet analysis133, and peaks of the interictal
spikes were detected by the criterion of amplitude exceeding at least
six fold the standard deviation of the decomposed signals during a
one-hour epoch. Multiple peaks detected at intervals less than 1 s were
counted as a single spike. Manual confirmation of automatically
selected spikes indicated an error rate of 12.3%.

EEG power spectrum analysis
The EEG power spectrum was analyzed using a customized MATLAB
script. The Chronux toolbox (http://chronux.org/) was used for the
fast Fourier transform (FFT) and short-time Fourier transform (STFT),
to plot the spectrogram, and to calculate the relative power for each of
the four bands (delta, 0.5 to 4Hz; theta, 4 to 8Hz; alpha, 8 to 13Hz; and
beta, 13 to 32Hz).We selected afive-second timewindow for STFT, and
averaged the total power for each band for further analysis. We used
FFT to calculate the power spectrum during a two-hour period of EEG
recording, for comparing the EEG profile before and after PPA
treatment.

Assessment of Glymphatic flow influx
We assessed glymphatic flow influx in awake mice as reported
previously134 at three time points after the initial intrahippocampal
infusion of KA: (1) the early stage of SE at five hours post KA; (2) after
the “established SE” at 30 hpost KA; (3) in the chronic phase after three
weeks post KA, and at the same time points in the control groups. In
addition, we assessed glymphatic influx at 30min after i.p. PPA or
saline injection in wildtype (WT) mice. The glymphatic influx tracers
Alexa Fluor 647 conjugated bovine serum albumin (BSA-647, 66 kDa)
or alternativelyAlexa Fluor 555 conjugatedovalbumin (OB-555, 45 kDa)
(Invitrogen, Life Technologies, Eugene, OR, USA), were dissolved in
artificial CSF to a concentration of 1% w/v for cisterna magna (CM)
infusion. Prior studies have shown that the two tracers give compar-
able results28,135. A CM cannula was implanted one day prior to the
infusion. The 10μL total volumeof tracer was infused into the CMwith
a Harvard Instruments syringe pump (Series 11 Elite) at an infusion rate
of 1μl/min for 10min. After a 30-minute interval for circulation, the
mice were rapidly anesthetized with 2.5% isoflurane and decapitated.
Brains were carefully extracted and fixed by immersion in 4% paraf-
ormaldehyde (PFA) in phosphate-buffered saline solution (PBS) over-
night at 4 °C, and cut the next day into 100μm-thick coronal sections
using a VTS1000 vibratome (Leica).

Coronal brain sections (rostral to caudal: −1.2, −0.8, −0.4, +0.2,
+0.6 and +1.0mm from bregma) were then imaged using a 0.63X lens
with 2X magnification on an MVX10 microscope (Olympus) equipped
with a Lumencore 1600 (Prior) light source, using the Metamorph
Basic (Olympus) software. The tracer distribution was quantified by
ImageJ software version 1.47 (National Institutes of Health, ima-
gej.nih.gov/ij/). The area fraction of tracer distribution in the slice was
determined using threshold criteria common to each set of

experiments. To display the overall influx levels for each group, we
averaged tracer distribution among the individuals within each group
and normalized to an anatomic template for each rostral-to-caudal
level. We obtained the alignments to the template by applying sym-
metric image normalization (SyN) for nonlinear registration with
Advanced Normalization Tools (ANTs) 2.1.0 scripted with Python 3.7.
The brain regional quantification of glymphatic influxwascalculated in
regions of interest (ROIs) for hippocampus, hypothalamus, dorsal
cortex, and ventral cortex at the AP −1.2mm level.

Assessment of the efficacy of substance clearance
We measured substance clearance according to published
procedures35,45. In brief, mice were implanted with a guide cannula
(26G, C315G SPC, 4.5mm below pedestal) sealed with a dummy can-
nula (33 G, C315DC/SP, 4.5mm projection) (PlasticsOne, Roanoke, VA)
into the right striatum (Bregma: AP +0.6; ML −2.0, DV −3.3mm). After
24 h, themicewere anesthetized (1.5% isoflurane) for surgical exposure
of the left femoral vein for real-time imaging with a fluorescent stereo
microscope (microscope: MVX10, Olympus; light: PRIOR Lumen 1600-
LED; camera: Flash 4.0 digital, Hamamatsu). The dummy cannula was
replaced with the inner cannula (33 G, C3151/SP, 0.1mm projection).
We then infused a total volumeof 1μl 4%w/vDirect Blue 53 (DB53, also
known as Evans Blue, E2129, Sigma–Aldrich, US) dissolved in aCSF at a
rate of 0.2μl/min into the right striatum, in parallel with initiation of
the imaging of the left femoral vein lumen at 488 nm. The imaging was
recorded at 15minutes intervals for up to twohours, duringwhich time
we maintained hydration of the exposed femoral tissue with 0.9%
saline. The fluorescence images were converted to 8-bit format, and
the mean pixel intensity in a circular ROI (Diameter = 0.1mm) was
calculated in ImageJ (NIH, USA). The ROI placement was confirmed by
an overlaid autofluorescence image at 488 nm. An ROI of identical
dimensions positioned at least 1mm away from the femoral vein
served for background correction.

Microdialysis and interstitial cytokine measurement
At three weeks after the initial treatment, the KA- or vehicle-treated
mice were implanted with a guide cannula in the CA3 region of the
right hippocampus (AP −2.5, ML + 3.0, DV −2.0mm). After a three-day
recovery from surgery, a microdialysis probe with 100 kDa cut-off
(CMA 8 High Cut-Off PES: 100 kDa, Harvard Apparatus) was placed in
the cannula. The probes were equilibrated by infusing artificial CSF
(3.5mM KCl, 119mM NaCl, 1mM CaCl2, 0.8mMMgCl2, 10mM HEPES)
containing 5% BSA for one hour prior to sample collection. Dialysis
samples of 30 µl volume were collected at a perfusion rate of 0.5 µl/
min. The collected sampleswere immediately stored at−80 °C for later
analysis of cytokine concentrations using the Mouse Cytokine Array /
Chemokine Array 31-Plex (MD31, Eve Technologies Corporation, Cal-
gary, Canada).

Blood–brain barrier permeability assay
Blood–brain barrier (BBB) permeability was measured following a
published protocol136. Intrahippocampal cannula was implanted under
2% isoflurane anesthesia. As a positive control, some mice received
lipopolysaccharide (LPS, 1mg/ml, 10mg/kg i.p., Cat# L2630, Sigma-
Aldrich, St. Louis, MO) to induce BBB leakage, whereas the main
experimental groups received an i.p. injection ofwith the samevolume
amount of saline. Mice received an intrahippocampal 1 µl infusion of
1mM KA to induce SE, whereas control mice received 1 µl of saline
vehicle. A subgroup of KA mice received i.p. PPA as described above.
Twenty-four hours later, we infused 6mg/kg cadaverine-594 (Invitro-
gen, Life Technologies, Eugene, OR, USA) at a volume of 14ml/kg
(0.43mg/mlworking solution in saline) into a femoral vein and allowed
30min for circulation. The mice were then exsanguinated and per-
fused with PBS through the apex of the heart, prior to harvesting brain
samples for placement in pre-weighed 5ml tubes containing 500μl
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PBS. The tubes were re-weighed and the brains were homogenized,
mixed with 1M acetic acid, and incubated on ice for 10min. After
centrifugation at 10,000 x g for 10min at 4 °C, the supernatant was
carefully transferred for fluorescence measurement at an excitation
wavelength of 590 nm and emission wavelength of 617 nm (Spec-
traMax Plus 384, Molecular Devices, USA). Fluorescence values were
normalized to tissue weight.

Behavioral tests
For the open field test, we placed individual mice in an empty plastic
box (30 × 50cm) and video-recorded their exploration during a ten
minute session. The total distance traveled during that period was
traced and extracted by AnyMaze Software (Muromachi Kikai Co., Ltd.
Japan). For the Rota-rod test, mice were placed on a Rota-Rod (Ugo
Basile), which was set to accelerate from 5–40 rpm over a 5-minute
session. We calculated the mean time to fall recorded in three testing
sessions for each mouse, with a 30-minute rest period between each
repetition. We repeated the test daily for three days tomeasuremotor
learning ability.

Immunohistochemistry
Mouse brains were perfusion-fixedwith 4.0% paraformaldehyde (PFA).
Following overnight post-fixation at 4 °C, coronal slices (100-μmthick)
were prepared using a vibratome (VTS1000, Leica). Slices were per-
meabilized with 0.1% Triton-X-100 in PBS, blocked with 7% normal
donkey serum (Jackson Immunoresearch) in PBS with 0.03% Triton-X-
100, and then incubated with primary antibody overnight, followed by
three washes in PBS and incubation with the fluorophore-linked sec-
ondary antibodies (Jackson Immunoresearch) for two hours. Stained
slices were mounted with Fluoromount G (Thermofischer Scientific).
Primary antibodies used were mouse anti-GFAP (1:500; Chemicon,
MAB360), mouse anti-NeuN (1:500; Chemicon, MAB377), rat anti-
CD68 (1:500; Serotec, MCA1957), and rabbit anti-AQP4 (1:500; Che-
micon, AB3594), whereas cell nuclei were identified using DAPI stain-
ing (Invitrogen). Antibody dilutions were as follows: Cy2 donkey anti-
rabbit (1:500; ThermoFisher Scientific), Cy2 donkey anti-mouse (1:500;
ThermoFisher Scientific), Cy3 donkey anti-mouse (1:500; Thermo-
Fisher Scientific), and Cy3 donkey anti-rat (1:500; ThermoFisher
Scientific).

Imaging quantification
Immunostainings were imaged on a confocal microscope (IX81,
Olympus) with and 40×/1.3 objective lens. For GFAP- and CD68-
positive area analysis, we set fixed fluorescence intensities as thresh-
olds for all images. The positive area ratio was the percentage of brain
pixels exceeding that threshold. For NeuN-positive cell counting, all
oval-shaped cells were counted within 0.5 × 0.5μm ROIs. For quanti-
fication of AQP4 polarization, we followed a published previously
method137–140, as illustrated in Fig. S3B. In brief, representative 70μm
segments centered about vesselswere analyzedusing the line-plot tool
in ImageJ. We classified vessels into two groups based on their dia-
meter (small vessels <10μm, large vessels 10–30μm), and calculated
the line polarization index (LPI) as the peak intensity of the vascular
end-feet divided by the average of the baseline. We undertook this
analysis with images at 20X magnification.

Statistical analysis
All data are presented as mean± SEM. For each statistical comparison,
normalitywas assessedwith the Lilliefors test, and either parametric or
non-parametric tests were chosen accordingly. For comparing more
than one group, variance homogeneity was tested by Brown–Forsythe
test or Bartlett’s test, and multiple comparisons were made with one-
way ANOVA and Tukey’s multiple comparisons, or accordingly by
Kruskal-Wallis and Dunn’s multiple comparisons tests. All statistics
were performed with the software Prism (GraphPad). The statistical

method for each dataset is presented in the corresponding figure
legend. A p-value of <0.05 was considered significant for rejecting the
null hypothesis.

Reporting summary
Further information on research design is available in the Nature
Portfolio Reporting Summary linked to this article.

Data availability
The data supporting the findings of this study are included in the
figures and supporting files. Source data are provided with this paper.
Minimum dataset was deposited to Zenodo (https://zenodo.org/
records/13739055. https://doi.org/10.5281/zenodo.13739055). Source
data are provided with this paper.

Code availability
Codes were deposited to Zenodo (https://zenodo.org/records/
13739055. https://doi.org/10.5281/zenodo.13739055).
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