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A B S T R A C T   

VIP binding sites are upregulated in mesial temporal lobe epilepsy (MTLE) patients, also suffering from severe 
cognitive deficits. Although altered VIP and VIP receptor levels were described in rodent models of epilepsy, the 
VIP receptor subtype(s) were never identified. We now investigated how VPAC1 and VPAC2 receptor levels 
change in the Li2+-pilocarpine rat model of MTLE. Cognitive decline and altered synaptic plasticity as estimated 
from phosphorylation of AMPA GluA1 subunit on Ser831 and Ser845 and AMPA GluA1/GluA2 ratio was also 
probed. Animals showing spontaneous recurrent seizures (SRSs) for at least 4 weeks showed impaired learning in 
the radial arm maze (RAM) and presented decreased VPAC1 and increased VPAC2 receptor levels. In addition, 
SRSs rats showed increased AMPA GluA1 phosphorylation in Ser831 and Ser845, marked decrease in GluA1 
levels and a milder decrease in GluA2 levels. Consequently, the GluA1/GluA2 ratio was also decreased in SRSs 
rats. 

Altered VIP receptor levels may differentially prevent or contribute to MTLE pathology, since VPAC1 receptors 
promote the endogenous control of LTP, mediate endogenous VIP neuroprotection against altered synaptic 
plasticity following epileptiform activity, and mediate anti-inflammatory actions in microglia, while VPAC2 
receptors mediate VIP endogenous neuroprotection against neonatal excitotoxicity and prevent reactive astro-
gliosis. This discovery imposes a different mindset for considering VIP receptors as therapeutic targets in MTLE, 
allowing a differential targeting of the cellular events contributing to epileptogenesis.   

1. Introduction 

Mesial temporal lobe epilepsy (MTLE), a disease often associated 
with profuse hippocampal sclerosis (HS), is characterized by seizures 
typically arising in the hippocampus, a brain area deeply involved in 
learning and memory, or additional mesial temporal lobe structures. 
MTLE-HS is frequently associated with anti-epileptic drug refractoriness 
(Cunha-Reis et al., 2021; Devinsky et al., 2018) and has still unknown 
aetiology. Precipitating events such as trauma, complex febrile seizures, 
status epilepticus, inflammatory insults, or ischemia have been impli-
cated in MTLE epileptogenesis. 

Vasoactive intestinal peptide (VIP), a CNS neurotransmitter, neuro-
trophic and neuroprotective factor, exhibits also anti-inflammatory and 
neurogenic actions (Cunha-Reis et al., 2021; Goff and Goldberg, 2021). 
VIP is exclusively expressed by hippocampal interneurons where VPAC1 
and VPAC2 receptors mediate the selective actions of VIP, involving 

activation of distinct signal transduction pathways in different cellular 
targets (Cunha-Reis and Caulino-Rocha, 2020). VIP released from hip-
pocampal basket cells and/or interneuron-selective interneurons con-
trols GABA release, GABAergic transmission and pyramidal cell activity 
thus influencing hippocampal-dependent synaptic plasticity processes 
like long-term potentiation (LTP) and long-term depression (LTD) that 
ultimately have a major influence on cognition (Cunha-Reis and 
Caulino-Rocha, 2020). VPAC1 receptor activation in vitro by endogenous 
VIP during theta-burst stimulation or low frequency stimulation re-
strains both LTP and LTD, respectively, suggesting the activation of 
distinct VIP-expressing interneuron populations by different behav-
ioural states. Activation of VPAC2 receptors enhances pyramidal cell 
excitability, further adding to this complexity. Remarkably, VIP released 
from interneurons has also strong anti-inflammatory effects, contributes 
to the preservation of blood-brain barrier integrity, and promotes neu-
rogenesis (reviewed by Cunha-Reis et al., 2021). Furthermore, VPAC1 

* Corresponding author. Departamento de Química e Bioquímica, Faculdade de Ciências da Universidade de Lisboa, Campo Grande, 1749-016, Lisboa, Portugal. 
E-mail address: dcreis@ciencias.ulisboa.pt (D. Cunha-Reis).  

Contents lists available at ScienceDirect 

Neurochemistry International 

journal homepage: www.elsevier.com/locate/neuint 

https://doi.org/10.1016/j.neuint.2022.105383 
Received 20 May 2022; Received in revised form 21 June 2022; Accepted 27 June 2022   

mailto:dcreis@ciencias.ulisboa.pt
www.sciencedirect.com/science/journal/01970186
https://www.elsevier.com/locate/neuint
https://doi.org/10.1016/j.neuint.2022.105383
https://doi.org/10.1016/j.neuint.2022.105383
https://doi.org/10.1016/j.neuint.2022.105383
http://crossmark.crossref.org/dialog/?doi=10.1016/j.neuint.2022.105383&domain=pdf


Neurochemistry International 158 (2022) 105383

2

and VPAC2 receptors control different aspects of neuro-immune in-
teractions, with VPAC1 receptors reducing microglia activation and 
secretion of inflammatory molecules and neurotoxic factors like TNF-α 
or prostaglandins and VPAC2 receptors promoting the secretion of 
astrocytic neuroprotective factors, like ADNF, while preventing reactive 
astrogliosis (Cunha-Reis et al., 2021). As such, understanding how 
VPAC1 and VPAC2 receptors are individually altered in MTLE is crucial 
to determine their putative therapeutic potential. 

VIP binding sites are enhanced in hippocampal seizure foci in MTLE 
patients despite the death of principal neurons yet no significant changes 
in the pattern and distribution of VIP immunoreactive interneurons 
were detected (de Lanerolle et al., 1995). Similarly, most VIP 
interneuron-selective interneurons are preserved in rat models of epi-
lepsy featuring neuronal loss similar to human TLE (Henkel et al., 2021), 
while a selective loss of intrinsic feedback inhibitory circuits (OLM in-
terneurons) that are targeted by VIP expressing interneurons is observed 
(Cossart et al., 2001; David and Topolnik, 2017). 

Despite the major impact of VIP on hippocampal excitability, syn-
aptic plasticity and hippocampal-dependent memory and still its rec-
ognised trophic and anti-inflammatory effects, the role of VIP, VPAC1 
and VPAC2 receptors in MTLE is still poorly understood. We now 
investigated the changes in these two VIP receptor subtypes in the rat 
Li2+-pilocarpine model of MTLE and put them in context with learning 
and memory deficits and molecular markers of altered synaptic plas-
ticity in this model while discussing the putative role of VIP receptor 
ligands to prevent MTLE neuropathology and inflammation or rescue 
cognitive decline in MTLE. 

2. Materials and methods 

Animals were housed in the Animal House of the Institute of Physi-
ology, Faculty of Medicine, University of Lisbon and maintained under a 
12:12-h light/dark cycle at a temperature of 22 ◦C, with food and water 
ad libitum. All procedures were in accordance with the Portuguese and 
European law on animal welfare and were approved by the Ethical 
Committee of the Faculty of Medicine, University of Lisbon. 

2.1. Epileptogenesis 

Status epilepticus (SE) was induced in 14 adult (12 weeks-old, 
335–375 g) male Wistar rats by intraperitoneal pilocarpine adminis-
tration as described (Glien et al., 2001). Animals were pre-treated with 
LiCl (300 mg/kg, i. p.) and 24 h later received methyl-scopolamine (1 
mg/kg, i. p.) to block the peripheral cholinergic effects of pilocarpine. 
SE was induced 15 min later with pilocarpine (10 mg/kg). Additional 
doses (5 mg/kg) of pilocarpine were administered every 20 min until SE 
was obtained (max. 4 doses). Behavioural epileptiform seizures were 
monitored for 30min, scored according to the scale of Racine modified 
by Lüttjohann et al. (2009) and terminated with diazepam (i.p., 10 
mg/kg). Xylazine (i.m., 10 mg/kg) was administered at seizure onset to 
prevent muscular fatigue. Seizure recurrence was controlled with 
additional diazepam (i.p., 5–10 mg/kg) as needed. Sham controls 
received the same treatment except for pilocarpine that was replaced by 
equivalent volume of NaCl (0.9%). Spontaneous recurrent seizures 
(SRSs) resembling MTLE were detected by 24 h video monitoring in 3–8 
weeks following SE. Behavioral tests and Western blot experiments were 
performed 10–12 weeks following SE induction. 

2.2. Behavioural tests 

Motor capacity and anxiety levels were evaluated in all animals using 
the first the elevated plus maze (EPM) test and then open-field (OF) test 
essentially as previously described (Aidil-Carvalho et al., 2017). 
Learning and memory impairment was evaluated in eight animals using 
the 8-arm radial arm maze (RAM) test for spatial memory. 
Food-deprived animals (85–90% of free feeding body weight) were 

placed in the centre of the 8-arm RAM and allowed to free explore for 5 
min. Ability to memorize the location of three arms baited with a food 
reward relying only on extra-maze visual cues and was tested by 
repeated exposure (twice daily) to the baited RAM for 5 days. Arm en-
tries, latency to find the baited arms, and the number of rearings were 
registered. Arm entries were scored as errors of working memory (re--
entries into baited arms) and errors of reference memory (entries into 
non-baited arms). Behavioural analysis was performed using the 
video-tracking software ANY-maze (Stoelting, Europe). 

2.3. Immunoblotting 

Western blot studies were performed in total hippocampal mem-
branes obtained from a total of six animals (Sham/SRSs) were isolated as 
previously described (Rodrigues et al., 2021). Samples contained pro-
tease and phosphatase inhibitors and were incubated at 95 ◦C for 5 min 
with Laemmli buffer (125 mM Tris-BASE, 4% SDS, 50% glycerol, 0,02% 
Bromophenol Blue, 5% 1,4-dithiothreitol), run on standard 10% 
SDS-PAGE and transferred to PVDF membranes (0.45 μm pore, Immo-
bilon). These were blocked with either 3% BSA or 5% milk and incu-
bated overnight at 4 ◦C with rabbit anti VPAC1 receptor (1:600, 
Alomone Labs #AVR-001; RRID: AB_2341081), rabbit anti VPAC2 re-
ceptor (1:500, Alomone Labs #AVR-002; RRID: AB_2341082), rabbit 
antiphospho-Ser845-GluA1 (1:2500, Abcam #Ab76321; RRID: 
AB_1523688), rabbit antiphospho-Ser-831-GluA1 (1:2000, Abcam 
#Ab109464; RRID: AB_10862154), rabbit anti-GluA1 (1:4000, Milli-
pore # AB1504; RRID:AB_2113602), rabbit anti-GluA2 (1:1000, Pro-
teintech #11994-1-AP; RRID: AB_2113725) and rabbit 
anti-alpha-tubulin (1:5000, Proteintech #11224-1-AP; RRID: 
AB_2210206) primary antibodies. After washing, membranes were 
incubated for 1 h with anti-rabbit IgG secondary antibody conjugated 
with horseradish peroxidase (HRP) (Proteintech) at RT. HRP activity 
was detected by enhanced chemiluminescence using a digital camera 
using the ImageQuant™ LAS 500 detector (GE Healthcare). Band in-
tensity was evaluated with the Image J software using alpha-tubulin 
band density as loading control. 

2.4. Statistics 

Values are the mean ± S.E.M of observations from n animals. Sig-
nificance of the differences between the Sham and SRSs groups was 
calculated by Student’s t-test with Welch correction for unequal vari-
ances for Western blot experiments and independent variables in 
behavioural tasks (e.g.: number of rearings), by One-way ANOVA for the 
EPM and OF tests and by Two-way ANOVA in RAM learning (Sidak’s 
post-test for multiple comparisons) using GraphPad Prism 6.01. P < 0.05 
or less denotes significant differences. 

3. Results 

During EPM test (Fig. 1A, 5-min trial duration) the time spent by 
Sham rats in the open arms (3.7 ± 1.4%, n = 8) was much lower than the 
time spent in the closed arms (88.3 ± 4.2%, n = 8). SRSs rats spent more 
time in the open arms (18.1 ± 4.0%, n = 8) and consequently, the time 
spent in the closed arms was lower (66.1 ± 3.7%, n = 8). In the 
remaining time (8.0 ± 4.0% for Sham and for 15.8 ± 1.8% SRSs rats, n 
= 8) the animals were in the centre of apparatus (crossing of closed and 
open arms). Accordingly, Sham animals entered the open arms less (0.63 
± 0.3, n = 8) than SRSs (3.7 ± 0.8, n = 8) from this central position. 
Rearings were almost entirely performed within the closed arms and 
were higher for SRSs animals (13.6 ± 1.1, n = 8) than for Sham animals 
(8.9 ± 1.5, n = 8). 

During the 5-min trial, Sham rats avoided the centre virtual zones 
(Fig. 1B) of the OF spending most of the time in the periphery (277.9 ±
3.9s, n = 8), a behaviour known as thigmotaxis (F (5,42) = 1095, P <
0.0001). Comparatively, SRSs rats spent less time in the periphery 
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(262.9 ± 6.3s, n = 8). Locomotor activity accessed by the total distance 
travelled (Fig. 1B) in the OF was lower for Sham animals (1596.2 ±
145.6 cm, n = 8) than for SRSs (2396.2 ± 222.3 cm, n = 8). Rearings 
(Fig. 1B) were mostly performed in the periphery and higher for Sham 
animals (11.9 ± 1.3, n = 8) than for SRSs (6.6 ± 1.3 cm, n = 8), sug-
gesting unfocused exploration in SRSs rats. 

In the RAM the latency to find the 3rd baited arm was higher 
(Fig. 1C) in SRSs rats from the third day of testing (270.1 ± 19.9s, n = 8 
for Sham vs 183.4 ± 19.3s, n = 8 for SRSs on day 3). SRSs rats showed 
little capacity to memorize the location of the baited arms, as evidenced 
by the little improvement in their performance from the 1st to the 5th 
day of testing (Fig. 1C). 

Using Western blot experiments in total hippocampal membranes, 
we observed a decrease (25.2 ± 6.4%, n = 5, Fig. 1D left) in VPAC1 
receptor immunoreactivity together with a concomitant marked in-
crease of 46.2 ± 15.1% (n = 5, Fig. 1D right) in VPAC2 receptor levels in 
SRSs rats when compared to Sham controls. 

GluA1 immunoreactivity was decreased by 31.9 ± 8.9% (n = 5, 
Fig. 1F) and GluA2 subunit levels also decreased mildly in SRSs rats (% 
decrease 22.6 ± 4.8, n = 5, Fig. 1G). Consequently, the GluA1/GluA2 
ratio was lower in SRSs animals (0.747 ± 0.052 in SRS vs. 0.962 ± 0.034 
in Sham, n = 5, Fig. 1I). GluA1 phosphorylation levels were obtained 
upon correction for the total GluA1 change. Phosphorylation in residue 
Ser831, a target for both CaMKII and protein kinase C (PKC), was 
increased by 32.1 ± 10.4% (n = 5, Fig. 1H) in SRSs rats. GluA1 Ser845 
phosphorylation, targeted by protein kinase A (PKA), endured an even 
larger increase (69.6 ± 10.4%, n = 5, Fig. 1I). 

4. Discussion 

This is the first report that VPAC1 receptor levels are decreased while 
VPAC2 receptor levels are increased in hippocampal membranes from 
the Li2+-pilocarpine model of TLE. Furthermore, these changes are 
concurrent with enhanced basal AMPA GluA1 phosphorylation levels in 
Ser831 and Ser845, decreased GluA1, GluA2 subunit levels and 
decreased GluA1/GluA2 ratio and impaired spatial learning and explo-
ration in SRSs animals. Altogether, these observations evidence a 
bipolarization in VPAC1 and VPAC2 receptor changes, which shifts the 
previous view that all VIP receptors are enhanced in epilepsy. This 
suggests that the increase in VPAC2 receptors was likely the responsible 
for the previously observed increase in VIP binding sites in animal 
models of TLE, while obscuring the decrease in VPAC1 receptor levels. 
This discovery, if validated in human tissue, will shift the mindset for use 
of VIP receptors as therapeutic targets in MTLE. 

Changes in hippocampal VIP receptor levels may result from deple-
tion of VIP-containing granules by frequent seizures (Cunha-Reis et al., 
2021) or from selective loss of VIP-targeted OLM interneurons (Cossart 
et al., 2001) yet, these may also occur at different cellular targets and 
may involve interaction with other endogenous neurotransmitters 
(Ribeiro et al., 2001). As such, altered VIP receptor levels may differ-
entially attenuate or contribute to disease pathology. Decreased 
neuronal VPAC1 receptor levels may facilitate hippocampal LTP 

(Caulino-Rocha et al., 2022) ultimately leading to nearly saturated LTP 
levels and compromised hippocampal-dependent learning and memory 
in MTLE. Conversely, decreased VPAC1 receptors in microglia may 
promote neuroinflammation and potentiate the release of microglial 
neurotoxic factors like TNF-α and prostaglandins (Cunha-Reis et al., 
2021). Likewise, enhanced VPAC2 receptors, mainly located at the py-
ramidal cell layer, targeted mostly by VIP-expressing basket cells, may 
further promote neuronal hyperexcitability, associated with progressive 
epileptogenesis (Dudok et al., 2022), while fostering astrocyte protec-
tion against hippocampal damage and preventing astrogliosis. 

Importantly, this correlates with AMPA receptor changes contrib-
uting to altered synaptic plasticity in MTLE (Lopes et al., 2015). In fact, 
the downstream targets of different intracellular kinases on AMPA 
GluA1 receptor subunits, that mediate or regulate expression of hippo-
campal LTP by promoting traffic or modifying opening probability of 
AMPA receptors (see Rodrigues et al., 2021 and cited references), were 
hyperphosphorylated, and this likely reflects recent neuronal activity. In 
addition, we observed a putative neuroprotective decrease in the 
GluA1/GluA2 ratio. Thus, although global changes in total GluA1 and 
GluA2 expression may be partially due to neuronal death, the extent of 
neuronal death at this point in disease progression was only significant 
in the CA3 (Fig. S1, n = 3), suggesting that GluA1 phosphorylation and 
relative subunit composition of AMPA receptors is the most relevant for 
cognitive decline in this model. Interestingly, VPAC1 receptors modulate 
hippocampal synaptic plasticity by downregulating CamKII activity and 
GluA1 phosphorylation at Ser831 (Caulino-Rocha et al., 2022). 
Enhanced GluA1 phosphorylation at Ser845 by VPAC2 receptor activa-
tion has also previously been reported (Toda and Huganir, 2015). 
Altogether, the reported changes in VPAC1 and VPAC2 receptors in SRS 
rats here described are consistent with the observed changes in GluA1 
phosphorylation levels. 

In summary, this suggests that VPAC1 and VPAC2 receptor ligands 
may be used to differentially target pathological saturation/enhance-
ment of LTP or LTD, controlling neuronal hyperexcitability, or instead 
prevent neuroinflammation, reactive astrogliosis and promote neuronal 
survival in MTLE. 

5. Conclusions 

An opposing change in VPAC1 and VPAC2 selective VIP receptors in a 
rodent model of MTLE is reported, contrasting to the previous belief that 
all VIP receptors are enhanced in MTLE. These appear to cause or 
strongly contribute to saturation of synaptic plasticity and consequent 
cognitive decline in MTLE. Since these changes may also contribute to 
endogenous neuroprotection by preventing neuroinflammation and 
reactive astrogliosis, clarifying the cellular targets of these changes will 
be crucial for the design of new peptide drugs for MTLE therapeutics. 
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Fig. 1. – Enhanced VPAC1 and decreased VPAC2 receptor levels in a rat model of SRSs induced by Li2þ-pilocarpine. A. Decreased perception of risk by SRSs 
rats in the elevated-plus maze as evaluated by the %Time spent in the open and closed arms. A schematic representation of the apparatus is depicted (top). B. 
Increased exploratory activity of SRSs rats in the open field as evaluated by the number of rearings (left) and the total distance travelled (right). A schematic 
representation of the square open field (top left) showing the representation of the virtual areas used for behaviour interpretation (top right) is shown. C. Impaired 
learning of SRSs rats in the radial arm maze task as evaluated by the latency to find the third baited arm. Values are mean ± S.E.M of 6–8 animals for all behavioral 
experiments. D. Decreased levels of VPAC1 and increased levels of VPAC2 receptors observed in SRSs rats as shown by Western blot immunodetection in total 
hippocampal membranes. E-I. Decreased GluA1 levels (F.) and GluA2 levels (G.) in SRSs rats and increased GluA1 Ser831 (H.) and Ser845 phosphorylation (I.), as 
shown by Western blot immunodetection of AMPA GluA1 phosphorylated forms (E.) in Ser845 and Ser831 and of total GluA1 in total hippocampal membranes from 
Sham and SRSs rats. Phosphorylation in either GluA1 Ser831 (H.) or Ser845 (I.) was obtained by correcting for the variation of total GluA1 levels, obtained on stripping 
and re-probing, of the same membrane. J. Decreased GluA1/GluA2 ratio in SRSs rats as compared to Sham animals. Values are mean ± S.E.M of 5 independent 
experiments performed in duplicate. 100% - averaged target immunoreactivity or GluA1 phosphorylation obtained for SRSs rats. *p < 0.05 **p < 0.01.***p < 0.001 
as compared to Sham rats (Student’s t-test with Welch correction – B. and D.-I.; One-way ANOVA – A. - or Two-way ANOVA – C. -with Sidak’s multiple com-
parison test). 
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