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Abstract 

Background:  Cerebral infection with the protozoan Toxoplasma gondii (T. gondii) is responsible for inflammation of 
the central nervous system (CNS) contributing to subtle neuronal alterations. Albeit essential for brain parasite control, 
continuous microglia activation and recruitment of peripheral immune cells entail distinct neuronal impairment upon 
infection-induced neuroinflammation. PACAP is an endogenous neuropeptide known to inhibit inflammation and 
promote neuronal survival. Since PACAP is actively transported into the CNS, we aimed to assess the impact of PACAP 
on the T. gondii-induced neuroinflammation and subsequent effects on neuronal homeostasis.

Methods:  Exogenous PACAP was administered intraperitoneally in the chronic stage of T. gondii infection, and brains 
were isolated for histopathological analysis and determination of pathogen levels. Immune cells from the brain, 
blood, and spleen were analyzed by flow cytometry, and the further production of inflammatory mediators was 
investigated by intracellular protein staining as well as expression levels by RT-qPCR. Neuronal and synaptic altera-
tions were assessed on the transcriptional and protein level, focusing on neurotrophins, neurotrophin-receptors and 
signature synaptic markers.

Results:  Here, we reveal that PACAP administration reduced the inflammatory foci and the number of apoptotic cells 
in the brain parenchyma and restrained the activation of microglia and recruitment of monocytes. The neuropeptide 
reduced the expression of inflammatory mediators such as IFN-γ, IL-6, iNOS, and IL-1β. Moreover, PACAP diminished 
IFN-γ production by recruited CD4+ T cells in the CNS. Importantly, PACAP promoted neuronal health via increased 
expression of the neurotrophin BDNF and reduction of p75NTR, a receptor related to neuronal cell death. In addition, 
PACAP administration was associated with increased expression of transporters involved in glutamatergic and GABAe-
rgic signaling that are particularly affected during cerebral toxoplasmosis.

Conclusions:  Together, our findings unravel the beneficial effects of exogenous PACAP treatment upon infection-
induced neuroinflammation, highlighting the potential implication of neuropeptides to promote neuronal survival 
and minimize synaptic prejudice.
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Background
Neurological disorders are mainly associated with the 
development of neuroinflammation in response to auto-
immune recognition, neurodegenerative accumulation 
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of toxic metabolites, or due to infectious diseases [1, 2]. 
Most frequent infections of the central nervous system 
(CNS) are caused by viral, bacterial and fungal patho-
gens, although neurotropic protozoan parasites such as 
Toxoplasma gondii (T. gondii) can cause cerebral toxo-
plasmosis, a persistent subclinical to severe neuroinflam-
matory disease [3, 4]. It is estimated that one-third of the 
world’s human population is infected with T. gondii and 
the seroprevalence is even higher in other mammals [5–
7]. Once invading neuronal tissue, the parasites evoke an 
efficient pro-inflammatory immune response with release 
of tumor necrosis factor (TNF), interleukin (IL)-6, IL-1β, 
and nitric oxide (NO) by activated resident microglia and 
astrocytes [8, 9]. The local immune response is intensi-
fied by the recruitment of peripheral lymphoid and 
myeloid cells to the brain, which are crucial for parasite 
control mainly via interferon-gamma (IFN-γ) production 
[10–13]. The persistent infection in the brain establishes 
an ongoing neuroinflammation for the host lifetime, and 
is able to modify neuronal function and synapse com-
position [9, 14–16]. Indeed, neurological and behavior 
alterations upon T. gondii infection have been highlighted 
in rodent and human studies [17–20], and associated to 
altered cognitive function [21] and several neuropsychi-
atric conditions including depression, suicidal behavior, 
and schizophrenia [22–24]. As no current therapy is able 
to completely eliminate the parasites from the CNS, new 
therapeutic strategies are necessary to reduce infection-
induced neuroinflammation, preventing neuronal death 
and minimizing synaptic prejudice [25].

The neuropeptide PACAP (Pituitary Adenylate 
Cyclase-Activating Polypeptide) has been described to 
strongly modify inflammation and clinical symptomatol-
ogy in different rodent models of inflammatory diseases 
[26, 27]. The neuropeptide also acts as a neurotrans-
mitter, neuromodulator, and neurotrophic factor [28, 
29]. The full-length biologically active form of PACAP 
(PACAP1-38) is a 38-amino-acid neuropeptide com-
monly described as being widely expressed in the CNS 
of mammals [28, 30]. According to recent annotations in 
the Human Protein Atlas program database, single-cell 
RNA analyses have shown expression of PACAP (codi-
fied by Adcyap1 gene) mostly by granulocytes and excita-
tory neurons, and in lesser manner (10 fold) by specific 
epithelial cells and fibroblasts, T cells, microglia, and 
plasma cells [31, 32]. PACAP employs its biological activ-
ity through binding to three widely distributed G protein-
coupled receptors (GPCRs) named PAC1R, VPAC1R 
and VPAC2R [33], which triggers a series of intracellular 
signaling pathways, mainly involving production of cyclic 
adenosine monophosphate (cAMP) [34, 35]. PACAP 
receptors have different affinities for PACAP, with 
PAC1R possessing the highest affinity [36]. In addition, 

the receptors are differently expressed among immune 
cells, for example PAC1R and VPAC1R are constitutively 
expressed by monocytes, peritoneal macrophages and 
microglia, while T cells do not express PAC1R. VPAC2R 
is rarely detected under steady-state, but its expression is 
induced upon inflammation [37–39]. Despite neuropro-
tective potential in several neurological disorders such as 
Parkinson’s [40, 41], Alzheimer’s [42], and Huntington’s 
disease [43], as well as traumatic brain injury [44], clinical 
studies targeting PACAP signaling have been conducted 
addressing nociception upon nephrotic syndrome, clus-
ter headache, migraine, and major depression [45, 46]. 
In fact, immuno-modulatory properties of PACAP were 
found to be ambiguous, transiting from inhibition to 
stimulation depending on the experimental conditions 
and cell types [47], and therefore they request further 
investigation.

Our previous studies applying the acute infection-
induced inflammation model have demonstrated that 
the resolution of intestinal inflammation and enhanced 
phagocytic capacity of mononuclear cells was achieved 
by exogenous administration of PACAP [39, 48, 49]. As 
PACAP has shown beneficial effects in neurological and 
inflammatory diseases and given its active transport into 
the brain across the blood–brain barrier (BBB) [50], we 
set out to investigate the effects of exogenous PACAP 
administration during cerebral toxoplasmosis, a T. gon-
dii-induced neuroinflammation model. Our results point 
toward amelioration of brain inflammation, with reduced 
recruitment of myeloid cells and marked reduction of 
microglia activation and cytokine production, without 
triggering uncontrolled parasite burden. In addition, our 
results provide evidence that PACAP promotes neuronal 
health via BDNF/p75NTR axis modulation, favoring a less 
dysfunctional neuronal network of glutamatergic and 
GABAergic signaling, which is specifically affected dur-
ing T. gondii-induced neuroinflammation.

Methods
Mice and T. gondii infection‑induced neuroinflammation 
model
Experiments were conducted with female C57BL/6J mice 
(8–14 weeks old, purchased from Janvier, Cedex, France). 
All animals were group-housed in a 12-h day/night cycle 
at 22 °C with free access to food and water under specific 
pathogen-free conditions and according to institutional 
guidelines approved by the Animal Studies Committee of 
Saxony-Anhalt. In order to investigate T. gondii-induced 
neuroinflammation, mice were infected by intraperito-
neal (i.p.) injection of cysts of the type II ME49 strain, 
previously harvested from brains of female NMRI mice 
infected i.p. with T. gondii cysts 6–12 months before, as 
described elsewhere [51]. Briefly, brains isolated from 
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NMRI mice were mechanically homogenized in 1  ml 
sterile phosphate-buffered saline (PBS), and the number 
of cysts was determined in ≥ 80  µl homogenate using a 
bright field microscope. The homogenate was diluted in 
sterile PBS, and animals were infected i.p with two cysts. 
In our model, cerebral toxoplasmosis is established after 
3  weeks post-infection, as described elsewhere [11, 15, 
16, 52].

PACAP treatment and organ collection
For all experiments, PACAP1-38 (the full-length 
38-amino acid peptide, simply referred here as PACAP) 
was synthesized using solid phase strategy combined 
with the Fmoc chemistry methodology at the Department 
of Medical Chemistry, University of Szeged (Hungary) as 
previously described [53]. To investigate the effect dur-
ing T. gondii-induced neuroinflammation, 100  µg of 
PACAP in phosphate-buffered saline (PBS; 5  mg per kg 
body weight, 22 nM per mouse) or PBS (for non-treated 
controls) were administered i.p. on alternating days for 
one week, from the third to fourth week post-infection 
(4 administrations in total). One day after the last treat-
ment, animals were killed, blood samples obtained by 
puncture of the vena cava inferior and diluted in ice-cold 
PBS for flow cytometric analysis. Next, animals were 
transcardially perfused with 60  ml sterile ice-cold PBS, 
and brain, lung, and spleen were collected and stored in 
sterile ice-cold PBS for flow cytometric analysis, or stored 
in RNAlater® (Sigma, Germany) for nucleic acid isola-
tion and subsequent qPCR or RT-qPCR analysis. Samples 
stored in RNAlater® were kept at 4 °C overnight and then 
stored at −80 °C.

Cell isolation
Isolation of immune cells from brain was performed as 
previously described [52, 54]. Briefly, brain hemispheres 
were mechanically homogenized in dissection buffer 
(HBSS, Gibco™, Germany), supplemented with 50  mM 
glucose (Roth, Germany) and 13  mM HEPES (pH 7.3, 
Sigma), using a glass potter, and then filtered through a 
70-μm cell strainer (Falcon®, Corning, Germany). The 
cell suspension was washed (400  g, 10  min, 4  °C) with 
PBS and fractionated on a discontinuous 30%–70% iso-
tonic Percoll® gradient (GE Healthcare, Germany) (800 g, 
30 min without brake, 4 °C). After the removal of myelin 
debris, cells in the interphase comprising mononuclear 
cells were isolated and washed with FACS buffer (PBS 
w/o Ca2+/Mg2+, 2% v/v fetal bovine serum (FBS), 10 mM 
HEPES, 0.1% sodium azide), centrifuged (400 g, 10 min, 
4  °C) and immediately used for flow cytometric analy-
sis. To isolate immune cells from spleens, organs were 
homogenized and sieved through a 40-μm cell strainer 
(Falcon®, Corning). Isolated cells from spleen and blood 

samples were treated with erythrocyte lysis buffer (eBio-
science, Germany), and washed twice with FACS buffer 
(400 g, 10 min, 4 °C) before staining and flow cytometric 
analysis.

Flow cytometric analysis
For surface staining, single-cell suspensions were first 
incubated with ZOMBIE NIR™ fixable dye (BioLegend, 
San Diego, CA) for live/dead discrimination. To prevent 
unspecific binding of antibodies, anti-mouse CD16/32 
antibody (clone 93, BioLegend) was applied to cells 
before staining with fluorochrome-conjugated antibodies 
against cell surface markers in FACS buffer. CD11b (clone 
M1/70), Ly6C (clone HK1.4), CD4 (clone GK1.5) and 
CD8a (clone 53–6.7) were all purchased from eBiosci-
ence. CD45 (30-F11), Ly6G (1A8), CD3 (17A2), MHCII 
I-A/I-E (clone M5/114.15.2) were purchased from Bio-
Legend. Cells were incubated for 30 min at 4 °C, washed 
(400  g, 10  min, 4  °C) and subsequently analyzed. Fluo-
rescence Minus One (FMO) controls were used to deter-
mine the positive signals for each conjugated antibody.

Flow cytometric analysis of intracellular cytokines 
was performed as described elsewhere [52]. Briefly, iso-
lated immune cells from the brain were re-stimulated 
with Toxoplasma Lysate Antigen (TLA) at 20  µg/ml for 
2  h [55]. Then, Brefeldin  A (10  µg/ml, GolgiPlug, BD 
Biosciences) and Monensin (10  µg/ml GolgiStop, BD 
Biosciences) were added and the cells were further incu-
bated for additional 4  h. After one washing step with 
FACS buffer (400  g, 10  min, 4  °C), cells were incubated 
with ZOMBIE NIR™ and anti-mouse CD16/32 anti-
body prior to surface staining described above. After-
wards, cells were fixed in 4% paraformaldehyde (PFA) 
for 15  min and subsequently permeabilized with Per-
meabilization Buffer (BioLegend). Intracellular proteins 
were stained with fluorochrome-conjugated antibodies 
against IFN-γ (XMG1.2; eBiosciences), iNOS (clone 6, 
BD Biosciences), IL-1β (clone NJTEN, eBiosciences), and 
TNF (clone MP6-XT22, BioLegend) in Permeabilization 
Buffer. Matching isotype controls were used to assess the 
level of unspecific binding. Data were acquired using the 
Attune™ NxT flow cytometer (Thermo Fisher; Germany) 
and analyzed using FlowJo™ (v10, LLC, BD Life Sci-
ences, USA). A minimum of 2 × 105 cells per sample was 
acquired and analyzed.

DNA and RNA isolation
For DNA and RNA isolation, brains, lungs, and spleens 
were removed from RNAlater® and homogenized in Tri-
Fast™ (Peqlab, VWR, LLC, Germany) or lysis buffer using 
BashingBeads Lysis tubes (Zymo Research Europe, Ger-
many) and BeadBug 6 homogenizer (Biozym, Germany). 
DNA and RNA were isolated from the homogenate by 
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isopropanol precipitation using Total RNA Kit peq-
GOLD® (Peqlab, VWR) or isolated using AllPrep DNA/
RNA Mini Kit (Qiagen, Germany) according to the man-
ufacturer’s instructions. Concentration and purity of 
DNA and RNA was determined using NanoDrop 2000 
spectrophotometer (Thermo Fisher) and samples stored 
at −80 °C until further use.

qPCR
Parasite burden was assessed in triplicates using 30  ng 
of isolated DNA, FastStart Essential DNA Green Master 
(Roche, Germany) and LightCycler® 96 System (Roche) 
as described elsewhere [39]. Thermal-cycling parameters 
were set as follows: initial activation (95  °C, 10 min), 45 
amplification cycles consisting of denaturation (95  °C, 
15  s), annealing (60  °C, 15  s), and elongation (72  °C, 
15 s). The DNA target was the published sequence of the 
highly conserved 35-fold-repetitive B1 gene of T. gondii 

(TgB1) [56, 57], and murine argininosuccinate lyase (Asl) 
was used for normalization [58]. Primers listed in Table1 
were synthetized by Tib MolBiol (Germany) and used at 
300 nM final concentration.

RT‑qPCR
Transcription levels of inflammatory mediators, host-
defense factors, neurotrophins, neurotrophin receptors, 
and synaptic proteins were assessed in triplicates using 
30  ng isolated RNA, TaqMan® RNA-to-CT™ 1-Step 
Kit (Applied Biosystems, Germany), and LightCycler® 
96 (Roche, Germany) as described elsewhere [39]. 
TaqMan® Gene Expression Assays (Thermo Fisher) uti-
lized are listed in Table 2. Hprt was chosen as reference 
gene and relative mRNA levels were determined by the 
ratio gene of interest/reference gene and subsequently 
normalized to mean values of control group. To deter-
mine parasite life-stage conversion, the expression of 

Table 1  Oligonucleotide primers used for qPCR and RT-qPCR based on SYBR Green

*T. gondii

Protein Gene Sequence (5′–3′)

ASL Asl Fw TCT​TCG​TTA​GCT​GGC​AAC​TCA​CCT​

Rv ATG​ACC​CAG​CAG​CTA​AGC​AGA​TCA​

BAG1* Bag1 Fw GAC​GTG​GAG​TTC​GAC​AGC​AAA​

Rv ATG​GCT​CCG​TTG​TCG​ACT​TCT​

GAPDH Gapdh Fw TTG​TCA​AGC​TCA​TTT​CCT​GGT​ATG​

Rv TGG​TCC​AGG​GTT​TCT​TAC​TCCTT​

SAG1* Sag1 Fw ATC​GCC​TGA​GAA​GCA​TCA​CTG​

Rv CGA​AAA​TGG​AAA​CGT​GAC​TGG​

B1* B1 Fw GCA​TTG​CCC​GTC​CAA​ACT​

Rv AGA​CTG​TAC​GGA​ATG​GAG​ACGAA​

GAD65 Gad2 Fw GGA​ATC​TTT​TCT​CCT​GGT​GGC​

Rv CAC​TCA​CCA​GGA​AAG​GAA​CAAA​

GAD67 Gad1 Fw CTG​AAC​CGA​GCC​TGT​TCC​TG

Rv TCA​TAC​GTT​GTA​GGG​CGC​AG

GAT-1 Slc6a1 Fw GTT​GGA​CTG​GAA​AGG​TGG​TCT​

Rv AGC​TTT​CGG​AAG​TTG​GGT​GT

GAT-2 Slc6a13 Fw GCC​TCG​GGA​ACA​ACC​AGT​AAT​

Rv GAC​AGG​GAT​GCC​ACA​GGT​AAA​

GAT-3 Slc6a11 Fw CGG​CTG​GGT​ATA​TGG​AAG​CA

Rv GCC​CCA​AGC​AGG​ATA​TGT​GT

VGAT​ Slc32a1 Fw CAC​TGC​GAC​GAT​CTC​GAC​TT

Rv CAC​GAA​CAT​GCC​CTG​AAT​GG

PAC1R Adcyap1r1 Fw GGC​TGT​GCT​GAG​GCT​CTA​CTTTG​

Rv AGG​ATG​ATG​ATG​ATG​CCG​ATGA​

VPAC1R Vipr1 Fw GAT​GTG​GGA​CAA​CCT​CAC​CTG​

Rv TAG​CCG​TGA​ATG​GGG​GAA​AAC​

VPAC2R Vipr2 Fw GCG​GTG​TCT​GGG​ACA​ACA​TC

Rv CTG​TGA​CAT​TTT​CCC​CAA​CGT​
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stage-specific genes for tachyzoites (Sag1) and brady-
zoites (Bag1) [59] was evaluated using Power SYBR® 
Green RNA-to-CT™ 1-Step Kit (Thermo Fisher). Sam-
ples were analyzed in triplicates (50  ng of isolated 
mRNA per reaction) using LightCycler® 96 (Roche) 
and the following parameters: reverse transcription 
(48  °C, 30  min), inactivation (95  °C, 10  min) followed 
by 55 cycles of denaturation (95  °C, 15  s), annealing/
extension (60  °C, 1  min), and melting curve analysis. 
The primers used for Sag1 (SAG1), Bag1 (BAG1) and 
murine Gapdh are listed in Table  1, and were synthe-
tized by Tib MolBiol and used at 100 nM final concen-
tration. Expression of Gapdh was chosen as reference 
gene and relative mRNA levels were determined by the 
ratio gene of interest/reference gene and subsequently 
normalized to mean values of control group. Simi-
larly, transcriptional levels of glutamate decarboxylase 
enzymes, GABA transporters, and PACAP receptors 
were determined as described above, using Power 
SYBR® Green RNA-to-CT™ 1-Step Kit (Thermo Fisher) 
with 30  ng mRNA per reaction and primers listed in 
Table 1 used at 200 nM final concentration.

Histopathology and immunohistochemistry
For histopathological analysis, brains were fixed with 
4% paraformaldehyde (PFA) at 4  °C immediately after 
removal, and embedded in paraffin. Sagittal sections were 
prepared at 5  µm. To evaluate the general pathological 
changes and the number of inflammatory foci sections 

were stained using hematoxylin and eosin (H&E). Brain 
sections were further analyzed by in  situ immunohisto-
chemistry for quantification of F4/80+ macrophages and 
apoptotic cells. Primary antibodies against F4/80 (1:50, 
clone BM8, eBioscience) and cleaved Caspase-3 (1:200, 
Cell Signaling, USA) were used. A minimum of 2–4 sag-
ittal sections were analyzed per animal. Axiovert 200 
bright field microscope equipped with an AxioCam ERc 
3 digital camera and ZEN software (ZEISS, Germany) 
were used. The number of positively stained cells was 
assessed in 10 randomly chosen images (40× objective) 
within brain cortical regions. The total number of inflam-
matory foci was assessed using a 10× objective across the 
brain sections. Slides were analyzed in an independent 
and blinded manner.

Western blot analysis
Proteins were isolated from whole brain homogenates 
previously prepared with TriFast™ (Peqlab, VWR, LLC, 
Germany) using an optimized method described else-
where [60]. Protein concentrations were determined 
using Bradford reagent (Bio-Rad Protein Assay, Bio-Rad, 
Germany) and read at λ = 595  nm using SpectraMax 
M5e (Molecular Devices LLC). Total of 15 µg of protein 
from each sample were separated by SDS-PAGE 10%, and 
transferred to nitrocellulose membrane (Amersham™ 
Protran™, GE Healthcare, Germany). Membranes were 
blocked for 2 h in ROTI®Block solution diluted in Tris-
Buffered Saline (TBS) containing 0.1% (v/v) Tween-20 
(Roth, Germany) (TBS-T), and subsequently incubated 
overnight at 4  °C with primary antibodies in the same 
blocking solution. Accordingly, GAD65 (Synaptic Sys-
tem, SYSY, Germany, #198,104, 1:1000), GAD67 (SYSY, 
#198,211, 1:500), TrkB (CST, #4603, 1:1000), beta-III-
Tubulin (Sigma, #T8660, 1:1000) and beta-actin (CST, 
#13E5, 1:1000) were used. In the following day, mem-
branes were washed three times (10 min each) in TBS-T 
and then incubated for 1 h room temperature with sec-
ondary HRP-conjugated antibodies diluted in TBS-T at 
1:10,000. Anti-guinea pig (Invitrogen, #A18769), anti-
rabbit (Jackson ImmunoResearch, #111–035-144) and 
anti-mouse (Jackson ImmunoResearch, #115–035-068) 
were used. Membranes were revealed using SuperSig-
nal™ West kit (Thermo Fisher, #34,078 and #34,095) and 
densitometric analysis of the blots were performed using 
ImageJ/Fiji.

Statistical analysis
Results were statistically analyzed using GraphPad Prism 
7 (GraphPad Software Inc., USA). Data were considered 
statistically significant with p ≤ 0.05. All data are pre-
sented as arithmetic mean with standard error of the 

Table 2  Oligonucleotide primers used for RT-qPCR based on 
TaqMan®

Protein Gene Gene expression assay

BDNF Bdnf Mm04230607_s1

GABAα1 Gabra1 Mm00439046_m1

GBP-1 Gbp2b Mm00657086_m1

HPRT Hprt Mm01545399_m1

IFN-γ Ifng Mm00801778_m1

Irgm3 Igtp Mm00497611_m1

IL-1β Il1b Mm00434228_m1

IL-6 Il6 Mm00446190_m1

Irgm1 Irgm1 Mm00492596_m1

NGF Ngf Mm00443039_m1

P75NTR Ngfr Mm01309638_m1

iNOS Nos2 Mm00440485_m1

Nt-3 Ntf3 Mm01182924_m1

TrkA Ntrk1 Mm01219406_m1

TrkB Ntrk2 Mm00435422_m1

VGLUT1 Slc17a7 Mm00812886_m1

EAAT2 Slc1a2 Mm01275814_m1

TNF Tnf Mm00443258_m1
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mean (SEM), collected from at least two independent 
experiments. For histopathological data, qPCR and RT-
qPCR, data were analyzed by non-parametric Mann–
Whitney U-test. For flow cytometric and western blot 
analyses, data were analyzed by two-tailed unpaired 
t-test.

Results
PACAP alleviates brain pathology upon cerebral T. gondii 
infection
T. gondii neuroinfection is characterized by activation of 
glial cells and recruitment of immune cells to the CNS. 
Albeit promotion of pathogen clearance, the inflam-
matory responses also result in severe brain lesions and 
destruction of neuronal tissue [61]. To assess the effects 
of exogenous PACAP administration upon cerebral tox-
oplasmosis, we utilized a murine model susceptible to 
chronic progressive infection [9]. Therefore, C57BL/6  J 
animals were infected with two cysts of type II ME49 
parasite strain. After the initial acute infection, 100 µg of 
PACAP or vehicle only (for non-treated controls) were 
administered i.p. starting three weeks post-infection 
(Fig.  1A). One day after the last treatment, brain tissue 
was collected for histopathological analyses (Fig. 1B–G). 
In non-treated control- and PACAP-treated animals, 
we detected parenchymal hemorrhage and inflamma-
tory foci of cellular infiltrates. In contrast, the number 
of inflammatory foci was strongly reduced in PACAP-
treated mice (Fig. 1B–C). Additionally, PACAP treatment 
resulted in reduced numbers of F4/80+ cells (Fig. 1D, E), 
which was paralleled by lower number of brain apoptotic 
cells (Casp3+) (Fig.  1F, G). Hence, these results point 
towards an anti-inflammatory and neuroprotective effect 
of PACAP. In order to assess whether this amelioration 
of inflammation negatively affected parasite control, we 
determined T. gondii burden in the brain of mice. Our 
results revealed an unaltered parasite burden, and no 
alteration of parasite life-stage conversion upon PACAP 
treatment (Fig. 1H). Similarly, parasite burden in periph-
eral organs was also not affected (Fig. 1I). Thus, PACAP 
treatment of chronically infected mice suggested amelio-
ration of neuroinflammation without hampering parasite 
control. Accordingly, we hypothesize that PACAP effects 
are likely due to modulation of immune cell recruitment 
to the CNS and their activation status.

PACAP restricted myeloid cell recruitment and reduced 
microglia and monocyte activation
In previous studies, we demonstrated that neutrophils 
and myeloid cells continuously infiltrate the CNS dur-
ing cerebral toxoplasmosis [11, 12]. As suggested by the 
histopathological analysis, we hypothesize that PACAP 

ameliorates neuroinflammation and reduces cellular 
death by restraining immune cell infiltration to the brain. 
For further investigation, we isolated immune cells from 
the brain of T. gondii-infected animals, and assessed 
the differences between PACAP-treated animals and 
infected non-treated controls regarding immune cell 
recruitment and activation. CD45 and CD11b were used 
as markers to identify lymphocytes (CD45+ CD11blow, 
upper left gate), myeloid cells (CD45+ CD11bhigh, upper 
right gate) and activated microglia (CD45int CD11bint, 
lower right gate) (Fig. 2A). Myeloid cells were further dis-
criminated by Ly6G expression, providing differentiation 
between neutrophil granulocytes (Ly6G+ CD11b+, upper 
gate) and mononuclear cells (Ly6G− CD11b+, lower 
gate). Then, mononuclear cells were classified according 
to Ly6C expression, and subdivided in CD11b+ Ly6Chi 
inflammatory monocytes (upper gate), CD11b+ Ly6Cint 
monocytes-derived dendritic cells (DCs) (middle gate) 
and CD11b+ Ly6Clo monocyte-derived macrophages 
(lower gate) as previously described by our group [11]. 
When compared to control, PACAP-treated mice 
showed a reduced number of recruited myeloid cell sub-
sets (Fig. 2B). Also, the recruitment of Ly6G+ neutrophil 
granulocytes was reduced without reaching significance 
(p = 0.065) in PACAP group (Fig. 2C). Next, we hypoth-
esized that the reduction of cell recruitment to the 
brain of PACAP-treated mice might simply be a reflec-
tion of diminished peripheral immune response. Thus, 
we investigated the immune cell compartment in blood 
(Fig. 2D-–F) and spleen (Fig. 2G–I), and no changes in 
myeloid cell frequency were detected between control 
and PACAP group. Further on, we assessed whether 
PACAP would modulate the activation status of mono-
cytes subsets in terms of MHCII expression, which is 
crucial for a potent inflammatory adaptive immune 
response [62]. We detected reduced MHCII expres-
sion by Ly6Chi inflammatory monocytes in the brain 
(Fig.  3A). In addition, we assessed the production of 
NO, a key role pro-inflammatory mediator measured 
via expression of inducible NO synthase (iNOS). Levels 
of iNOS were reduced on Ly6Cint and Ly6Clo monocyte 
subsets upon PACAP treatment (Fig.  3B). Moreover, 
the production of pro-inflammatory cytokines TNF 
and IL-1β was reduced in Ly6Cint and Ly6Clo subsets, 
respectively (Fig.  3C, D). Next to the altered activation 
of infiltrating myeloid cells, we found that the activation 
status of resident microglia was changed upon PACAP, 
indicated by reduced expression of MHCII, and intracel-
lular production of iNOS, TNF, and IL1-β (Fig.  3E–H). 
At last, we assessed the overall impact of PACAP in the 
transcriptional level of inflammatory mediators and 
chemokines in the entire brain tissue, and we detected 
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Fig. 1  (See legend on next page.)
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reduced expression of IFN-γ, IL-6, iNOS (Nos2), IL-1β, 
CCL2, CXCL9 and CXCL10 (Fig. 3I). Regarding modula-
tion of PACAP receptors levels in overall brain, all recep-
tors presented higher expression upon infection, and 
only PAC1R was reduced upon PACAP treatment (Addi-
tional file  1A). In sum, PACAP impacted the recruit-
ment of myeloid cells to brain, reduced the expression 
of inflammatory mediators and chemokines in the brain 
parenchyma.

PACAP diminished IFN‑γ production by recruited CD4+ T 
cells in infected brains
Next, we analyzed the impact of PACAP on the lym-
phoid T cells recruited to the brain upon T. gondii infec-
tion. Upon chronic toxoplasmosis, T cell-derived IFN-γ 
production represents the major driving force to parasite 
control, and it is mainly mediated by CD4+ and CD8+ T 
cells [63–65]. Although no difference in parasite bur-
den was previously detected in PACAP-treated brains, 

Fig. 2  Analysis of microglia and myeloid immune cell subsets upon PACAP treatment. Immune cells were isolated from brain, blood and 
spleen, and analyzed by flow cytometry. Only single, live immune cells were considered for analysis. A Representative gating strategy applied for 
discrimination of CD45hiCD11b−lymphocytes and CD45intCD11bint microglia (Mg). CD45hiCD11bhi myeloid cells (upper right gate) were further 
discriminated into Ly6G+ neutrophils, and Ly6G− mononuclear cells were differentiated according to Ly6C expression in Ly6Chi inflammatory 
monocytes, Ly6Cint monocyte-derived DCs and Ly6Clo monocyte-derived macrophages. B, C Bar charts show total cell numbers of microglia and 
myeloid immune cell subsets in the brain. D, G Myeloid cells from blood and spleen were first identified as CD11b+ (not shown). Contour plots 
show the classification of selected cells into monocyte subsets (according to Ly6C expression) and Ly6G+ neutrophils. Bar charts compare the cell 
frequency in the blood (E, F) and spleen samples (H, I) as percentages from parent population. Data show individual values as mean + SEM, n = 4–5, 
*p < 0.05, **p < 0.01 (unpaired two-tailed t-test) from a representative experiment; Control (black bars) and PACAP-treated (white bars)

Fig. 1  PACAP administration alleviates severe brain pathology upon T. gondii encephalitis. A Experimental design and PACAP administration 
schedule. Mice were infected with 2 cysts of T. gondii (type II strain ME49) and treated with 100 µg PACAP i.p. on alternating days starting at 3 weeks 
post-infection; yellow indicates acute infection, followed by an intermediated phase (2 to 3 weeks post-infection, not indicated), and green indicates 
chronic infection. B, D, F Histological brain sections from infected control animals (left column) and PACAP-treated animals (right column). B H&E 
staining and C bar charts show number of inflammatory foci quantified across 10 consecutive brain sections per mouse. D F4/80 staining and E bar 
charts show the mean of F4/80+ cells across 10 random cortical areas per mouse. F Caspase-3 (Casp3) staining and G bar charts show the mean of 
Casp3+ cells across 10 random cortical areas per mouse. Data show mean + SEM, n = 4, **p < 0.01, ***p < 0.001, ****p < 0.0001 (unpaired two-tailed 
t-test). Scale bars = 100 µm. (H) Parasite burden was determined by qPCR analysis of TgB1 abundance, and RT-qPCR of Sag1 and Bag1 gene 
expression in brain homogenate. (I) Parasite burden in peripheral organs determined by TgB1 abundance. Bar charts present results normalized to 
mean values of control group as mean + SEM obtained in two independent experiments and analyzed together, n = 4–5 (Mann–Whitney U-test); 
Control (black bars) and PACAP-treated (white bars)

(See figure on Previous page.)
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IFN-γ transcripts were reduced, as well as the expres-
sion of CXCL9 and CXCL10 chemokines, particularly 
important to T cell recruitment into the brain upon 
cerebral toxoplasmosis [66] (Fig. 3I). For this reason, we 
further investigated whether PACAP would affect T cell 
recruitment and their IFN-γ production. No difference 
was found in the total cell number of CD4+ and CD8+ T 
cells between the treated and control group (Fig.  4A, 
B). In contrast, the intracellular IFN-γ production was 

significantly decreased in CD4+ T cells upon PACAP 
treatment, whereas it remained unaltered in CD8+ T cells 
(Fig.  4C, D). As IFN-γ signaling regulates cell-intrinsic 
host defense factors against intracellular parasites, we 
analyzed the expression of Igtp, Gbp2b and Irgm1 in the 
brain tissue, and despite the reduction of IFN-γ, only Igtp 
showed reduced expression (Fig. 4E). Thus, PACAP treat-
ment did not alter recruitment of T cells, but reduced 
IFN-γ production by CD4+ T cells

Fig. 3  Monocyte and microglia activation and inflammatory mediators. Previously identified brain monocytes subsets and microglia were analyzed 
by flow cytometry for surface expression of MHCII (A, E), and for intracellular production of iNOS, TNF and IL-1β (B–D, F–H). Bar charts show values 
of median fluorescence intensity (MFI) previously defined for each population and marker, based on their respective fluorescence-minus-one (FMO) 
controls (not shown). Data represent mean values + SEM, n = 4–5, *p < 0.05, **p < 0.01, ***p < 0.001 (unpaired two-tailed t-test); I gene expression 
of inflammatory mediators and chemokines was assessed in whole brain homogenate. Bar charts represent mean values + SEM obtained in two 
independent experiments and analyzed together, n = 4–5 per experiment *p < 0.05, **p < 0.01 (Mann–Whitney U-test); Control (black bars) and 
PACAP-treated (white bars)
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PACAP modulates BDNF and p75NTR levels and modifies 
infection‑induced synaptic imbalance
As the inflammatory response during cerebral toxo-
plasmosis is known to modify neuronal function and 
synapse composition [9, 14–16], we next set out to 
investigate whether the beneficial anti-inflammatory 
outcome of PACAP extended to neuronal survival and 
improved synaptic plasticity in the brain. In previous 
studies, PACAP has been associated with neurotrophins 
and their respective receptors [67], which are crucial 
for growth, development, and survival of neuronal tis-
sue [68]. Therefore, we analyzed the transcriptional 
levels of the neurotrophins BDNF, NGF, NT-3, and the 

neurotrophin receptors p75NTR, TrkA, and TrkB in the 
brain of PACAP-treated animals (Fig. 5A-B). When com-
pared to control group, PACAP treatment increased 
BDNF transcriptional levels (Fig.  5A), a crucial factor 
for neuronal function [69], and simultaneously reduced 
expression of p75NTR (Fig. 5B), a receptor associated with 
neuronal cell death and reduced synaptic function [70, 
71], but not the other neurotrophin receptors (Fig. 5B). 
TrkB, the main receptor for BDNF also showed no differ-
ence at protein levels (Additional file 2). Those findings 
prompted us to evaluate whether PACAP could com-
pensate the reduction on synaptic alterations caused by 
cerebral immune response against T. gondii, particularly 
in the glutamatergic neurotransmission pathways previ-
ously described [16]. We detected increased transcrip-
tional levels of the glutamate transporter EAAT2 and 
vesicular glutamate transporter VGLUT1, both impli-
cated in neuronal protection and avoidance of excessive 
excitatory neuronal stimuli [72, 73] (Fig.  5C). Further-
more, we detected increased transcriptional levels of 
the α1 subunit of the GABA-a post-synaptic receptor 
(GABAAα1), an important component of the inhibitory 
GABAergic signaling, suggesting that PACAP probably 
try to counter-balance exacerbated excitatory neuronal 
signaling (Fig. 5C). Those results prompted us to extend 
our analysis to the glutamate–GABA axis. Accordingly, 
PACAP had no evident effect on glutamate decarboxy-
lases GAD65 and GAD67, responsible for the most 
GABA amount synthesized from glutamate in the mouse 
brain [74] (Fig.  5D, F). Further on, we found a reduced 
transcriptional level of GAT-1 (Fig. 5E), a critical trans-
porter implicate in the availability of GABA in the synap-
tic cleft and associated functions [75, 76]. No difference 
was detected for the other investigated transporters 
(GAT-2, GAT-3, VGAT). Of note, GAT-1 and GAT-2 
were found more expressed in the brain upon T. gondii 
infection, while GAT-3 and VGAT were less expressed 
Additional file  1, as previous depicted for other neu-
ronal markers upon infection [15, 16]. At last, we found 
increased levels of the specific neuronal component β-III 
tubulin (TUBB3) in the PACAP-treated brains, which 
in addition to transcriptional VGLUT1 levels indicates 
a reduced neurological damage, as previously described 
for chronic T. gondii infection [77]. Together, our results 
suggest that PACAP promoted neuronal viability likely 
via BDNF/p75NTR modulation, and can modify synaptic 
excitatory/inhibitory neuronal imbalance present upon 
T. gondii-induced neuroinflammation.

Discussion
Cerebral infection with T. gondii causes chronic inflam-
mation leading to neuronal alterations and behavioral 
changes of the host. The elicited immune response is 

Fig. 4  Lymphocyte infiltration into brain, IFN-γ production and 
host-defense factors. Immune cells were isolated from brain, and 
identified as single, live, CD45hiCD11b−CD3+ lymphocytes as 
shown above. A Representative gating illustrates discrimination of 
CD4+ and CD8+ T cells, and values in quadrant gates indicate cell 
frequency from parent population. B Total cell number of recruited 
CD4+ and CD8+ lymphocytes to the brain. C–D Intracellular analysis 
of IFN-γ production. Bar charts present MFI values as mean + SEM, 
n = 4, **p < 0.01 (unpaired two-tailed t-test). Histograms show 
the representative IFN-γ production by CD4+ and CD8+ T cells in 
comparison to isotype-control. Bars and numbers above histograms 
indicate mean percentage of positively stained cells + SEM. E 
Gene expression levels of host-defense factors in the whole brain 
homogenate were assessed using RT-qPCR. Bar charts represent 
mean values + SEM obtained in two independent experiments and 
analyzed together, n = 4–5 per experiment, *p < 0.05 (Mann–Whitney 
U-test). Control (black bars) and PACAP-treated (white bars)
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essential for parasite control in the brain, although simul-
taneously entails damage to the neuronal tissue. Here, we 
demonstrate the beneficial effects of the neuropeptide 
PACAP on infection-induced neuroinflammation in the 
murine model of cerebral toxoplasmosis. PACAP admin-
istration reduced brain pathology, microglia activation, 
and infiltration of monocytes, diminished production of 
pro-inflammatory cytokines, and bolstered neuronal pro-
tection. In previous studies, PACAP was able to modify 
clinical symptomatology of certain neurological disor-
ders for example Parkinson’s [40, 41], Alzheimer’s [42], 
Huntington’s disease [43], and traumatic brain injury 
[44]. Additionally, administration of PACAP has been 
shown to modulate inflammation in murine models of 
septic shock, rheumatoid arthritis, Crohn’s disease, and 
multiple sclerosis [78–84]. In fact, although exerting a 
prominent impairment of inflammation, the immuno-
modulatory ability of PACAP was found to be ambigu-
ous, alternating from inhibitory to stimulatory effects 
[47]. Moreover, as modulator of microbial infections, 
PACAP has exhibited direct antimicrobial activity against 

bacteria and fungi [85]. In support, our previous studies 
indicate as well a reduction of T. gondii parasite burden in 
the acute phase of the infection in the periphery, through 
an indirect immunomodulatory anti-parasitic effect [39].

In our experimental model of cerebral toxoplasmosis, 
PACAP reduced the number of apoptotic caspase-3+ cells 
in the brain parenchyma. According to previous studies, 
the beneficial effects of PACAP on neurological diseases 
are mainly attributed to inhibition of caspase-3 activation 
mediated by receptor PAC1R [86], which is expressed 
by inhibitory neurons, astrocytes, and microglia [87]. 
Therefore, we suggest that PACAP treatment may act 
via PAC1R to reduce brain cell death upon T. gondii cer-
ebral infection. Moreover, our histopathological exami-
nation and flow cytometric analysis indicates reduction 
of inflammatory foci and infiltration of immune cells in 
the infected brains following PACAP treatment. Likely, 
this immunomodulation is a secondary branch-effect 
of PACAP, also mediated by binding to PAC1R or other 
receptors in brain parenchymal cells. Previously, we 
and others have described the important contribution 

Fig. 5  Expression levels of neurotrophins, neurotrophin-receptors and functional neuronal markers. Overall brain gene expression levels of 
A neurotrophins and B neurotrophin-receptors; C gene expression levels of glutamate transporters (EAAT2, VGLUT1) and GABAα1 subunit; D 
expression of glutamate decarboxylases GAD65 and GAD67 and F western blot analysis; E expression levels of GABA transporters (GAT-1, GAT-2, 
GAT-3, VGAT); G protein levels of beta-III-tubulin (TUBB3). Bar charts represent mean values + SEM obtained in two independent experiments and 
analyzed together, n = 4–5 per experiment, *p < 0.05, **p < 0.01 (Mann–Whitney U-test); Control (black bars) and PACAP-treated (white bars). Western 
blot membranes show two representative samples of each group, and bar charts represent mean values + SEM, n = 4
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of recruited peripheral immune cells to control parasite 
burden in the brain in the cerebral toxoplasma model 
[11, 12, 88]. Surprisingly, we observed that restrain-
ing immune cell infiltration into the brain did not affect 
parasite control and stage conversion. Parasite levels in 
the periphery remained constant in the PACAP-treated 
group as well. In the acute toxoplasma model, we have 
previously detected reduced parasite burden by PACAP 
immunomodulation of mononuclear cells, enhanc-
ing their phagocytic capacity, although PACAP did not 
interfere directly with parasite replication in  vitro [39]. 
During acute infection, the fast replicating tachyzoites 
are the predominant life stage of T. gondii, and are sus-
ceptible to immune recognition and elimination, as well 
as to known therapeutic drugs [25]. In contrast, during 
chronic infection, tachyzoites that escaped the initial 
immune response convert into bradyzoites, which form 
cysts within a variety of tissues including brain and mus-
cles [10]. T. gondii cysts are shielded from therapeutic 
drugs and evade host immune responses [89], which sug-
gests they are also protected from the immune response 
of cells modulated by PACAP treatment, and therefore 
could explain no difference in parasite burden. Alto-
gether, PACAP provided neuroprotection and markedly 
modulated immune cell behavior without compromising 
parasite control.

In addition to the reduced infiltration of myeloid cells 
into the brain, PACAP modified the activation status 
and cytokine production of brain immune cells, point-
ing towards an anti-inflammatory effect. Markedly, 
Ly6Chi inflammatory monocytes were reduced in num-
ber and activation status, exhibiting reduced MHCII 
expression. Additionally, PACAP slightly diminished 
levels of pro-inflammatory mediator iNOS and TNF by 
Ly6Cint monocytes-derived DCs, while iNOS and IL-1β 
levels were reduced by Ly6Clo monocyte-derived mac-
rophages. In our previous studies, we demonstrated the 
critical importance of Ly6Chi monocytes upon cerebral 
toxoplasmosis [11]. In fact, antibody-mediated ablation 
of CCR2+ Ly6Chi monocytes increased parasite burden 
and decreased survival of infected mice, also ablating 
Ly6Chi monocytes in the blood [11]. In contrast, PACAP 
administration did not alter the presence of monocytes 
in the periphery, but still restricted their infiltration into 
the brain, reducing inflammation without compromising 
parasite control. Therefore, we hypothesize that PACAP 
exerted a specific immunomodulatory effect on the infil-
trating monocytes to prevent CNS immunopathology. 
We have previously demonstrated that PACAP restricted 
the recruitment of monocytes and neutrophils, reduced 
their expression of pro-inflammatory cytokines, and 
enhanced their phagocytic capabilities upon T. gondii 
acute infection [39]. Here we additionally detected that 

PACAP treatment diminished CCL2 levels in the brain, 
which can further reduce myeloid cell infiltration. We 
suggest that anti-inflammatory effects of PACAP in the 
brain involve microglia modulation, and overall shift of 
the local brain inflammatory environment. In our data-
set, PACAP reduced microglial MHCII expression and 
their production of pro-inflammatory mediators iNOS, 
TNF, and IL-1β. Similarly, in vitro studies have reported 
anti-inflammatory effects of PACAP on microglial cells, 
which was demonstrated by reduction of iNOS and IL-1β 
production in an LPS-sepsis model [90].

Further investigation on the inflammatory brain envi-
ronment upon T. gondii infection interestingly showed 
that exogenous PACAP did not interfere with T cell 
infiltration into the brain, although it reduced IFN-γ 
intracellular production by CD4+ T cells, and the over-
all brain expression of CXCL9 and CXCL10. During 
cerebral toxoplasmosis, CD4+ and CD8+ T cells are the 
major source of IFN-γ in the brain, directly controlling 
parasite replication [91, 92]. Pointed out by previous 
studies, CD4+ T cells are targets for PACAP regulation, 
indicating inhibition of Th1 and favoring of Th2 differen-
tiation and response [93–95]. Moreover, in vitro experi-
ments indicated that macrophages and DCs treated 
with PACAP induce Th2 cytokines and inhibit IFN-γ 
in primed CD4+ T cells [94, 96]. Besides, our analysis 
showed reduction of the IFN-stimulated host-defense 
factor Igtp, even though the parasite burden was not 
altered. In our dataset, the absence of the modulation by 
PACAP on the recruitment of T cell can be explained by 
the late administration of the neuropeptide at the third 
week post-infection, when the pathology is already estab-
lished in the CNS. This hypothesis is supported by pre-
vious studies, where peripheral depletion of CD4+ and 
CD8+ T cells did not show any effect on intracerebral T 
cell number, indicating that this recruitment was negligi-
ble after acute infection [65]. The reduction of IFN-γ pro-
duction and Igtp expression suggest that PACAP may not 
abolish the strong Th1 response induced by T. gondii, but 
can restrain brain immunopathology.

Overall, the neuroprotective and immunomodula-
tory effects of PACAP are mostly attributed to the com-
plex and wide distribution of its receptors in a variety of 
cell types, including neurons and immune cells. Upon 
inflammation, most of inhibitory immuno-modulation 
of PACAP targets pro-inflammatory signaling cascades 
including NF-κB and MAPK pathways, consequently 
downregulating an array of cytokines and chemokines 
produced by innate immune cells [47]. Our previous 
data have shown that PACAP administration increased 
expression levels of its own receptors VPAC1R and 
VPAC2R in immune cells, which were followed by 
reduced infiltration of monocytes and neutrophils, and 
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reduced pro-inflammatory cytokine expression during 
acute toxoplasmosis [39]. Additionally, several studies 
indicate that the anti-inflammatory activity of PACAP on 
macrophages, monocytes, and DCs are primarily exerted 
through VPAC1R [97–100]. While VPAC1R is consti-
tutively expressed in those cells, VPAC2R is induced in 
lymphocytes, monocytes, and macrophages after inflam-
matory stimulation, and has been linked to increased Th2 
response [93–95]. Aligned with our finding that PACAP 
reduced IFN-γ production by CD4+ T cells in the brain, 
studies with transgenic mice overexpressing the recep-
tor VPAC2R in CD4+ T cells developed increased Th2 
responses, while the Th1 response prevailed in VPAC2R-
deficient mice [95, 101]. Of note, VPAC1R and VPAC2R 
were also found expressed by the newly discovered innate 
lymphoid cells 2 (ILC2), the innate-correlated cells of the 
Th2 adaptive immune response, showing to be impor-
tant for immune response [102]. In microglia, PAC1R is 
the main receptor mediating anti-inflammatory effects 
of PACAP, inhibiting NO production during ischemia, 
reducing pro-inflammatory cytokine release, and induc-
ing a microglial phenotype transformation associated to 
regenerative growth, tissue repair and clearance of local 
cellular debris [45, 103]. Taken together, we suggest that 
the beneficial effects of PACAP upon cerebral toxo-
plasmosis rely partially on the differential expression of 
PACAP receptors on the immune cells directly involved 
in the disease control.

Further on, we demonstrate that PACAP exerted not 
only beneficial anti-inflammatory effects on cerebral tox-
oplasmosis, but also showed a neuroprotective outcome 
in the infected brain parenchyma. Interestingly, we found 
higher transcriptional levels of the neurotrophin BDNF 
in the brain of PACAP-treated mice, and no differences 
were detected for NGF or NT-3. In fact, PACAP-medi-
ated neuroprotection have been attributed to enhanced 
expression of neurotrophins and related receptors via 
PAC1R signaling [33]. Of note, PAC1R is considered the 
main PACAP receptor in the brain, and the one with 
the highest affinity for PACAP [104]. In terms of neuro-
trophins, BDNF is crucial for neuronal survival, and its 
expression was also found reduced upon neurodegen-
eration [105] and cerebral toxoplasmosis [16]. Indeed, 
in  vitro studies on primary neuronal cultures revealed 
that PACAP stimulates and recovers BDNF expres-
sion upon injury conditions, mainly via PAC1R [67, 
106]. Additionally, reduced hippocampal BDNF was 
also detected in PAC1R knockout mice [107]. Overall, 
enhancement of BDNF expression is proposed as a key 
mechanism in neuroprotection and rescue of cognitive 
impairment via PAC1R [33]. Since PACAP affected BDNF 
transcriptional levels, we sought to further investigate the 
modulation of neurotrophin-related receptors. BDNF 

mainly binds to TrkB (Ntrk2), NGF to TrkA (Ntrk1), and 
the binding of neurotrophins to p75NTR (Ngfr) is more 
promiscuous and complex, and it is thought to define 
the affinity of the neurotrophins and their precursors to 
other receptors [68]. In fact, p75NTR has been nominated 
as death-receptor, and binding of the BDNF precursor to 
p75NTR has shown to induce cell death and reduce syn-
aptic function [108]. Surprisingly, we found that PACAP 
reduced expression of p75NTR in the brain, and did not 
alter TrkB levels, suggesting an additional contribution 
of PACAP to neuronal survival via BDNF–p75NTR axis 
modulation. Other studies in stroke models have shown 
that PACAP reduced p75NTR levels, regulated the activ-
ity of TrkB by increased phosphorylation, and conse-
quently increased affinity for BDNF [109, 110]. We have 
previously demonstrated that p75NTR signaling not only 
shaped brain neuronal architecture, but also altered the 
behavior of innate immune cells during neuroinflamma-
tion [52]. Moreover, we have previously found a benefi-
cial association of p75NTR and immune cells upon PACAP 
treatment of acute T. gondii infection, in which reduced 
expression of p75NTR on Ly6Chi inflammatory monocytes 
and increased overall BDNF gene expression was associ-
ated with reduction on pro-inflammatory mediators and 
enhanced parasite elimination [39]. Therefore, we sug-
gest that PACAP-mediated neuroprotective effects and 
immunomodulatory properties provide a beneficial over-
lap via modulation of BDNF/p75NTR axis to counteract T. 
gondii neuroinflammation. In addition, PACAP increased 
the levels of TUBB3, a specific cytoskeleton component 
of neurons shown to be modified upon cerebral T. gon-
dii infection [77], reinforcing PACAP contribution to 
neuronal survival. Still, future studies are necessary to 
address the involvement of PACAP, BDNF precursors 
and p75NTR function in immune cells within the brain.

Besides neurotrophins, PACAP-treated mice showed 
an increase in the expression levels of synaptic mark-
ers EAAT2 and VGLUT1 from neuronal glutamatergic 
pathway, and GABAAα1 from inhibitory GABAergic 
pathway. As recently shown in our previous studies, the 
expression of these synaptic markers was significantly 
decreased upon cerebral toxoplasmosis, suggesting that 
T. gondii neuroinflammation shifted the synaptic exci-
tation–inhibition balance towards excitotoxicity at the 
transcriptional [16] and protein level [15]. Detrimental 
alterations in the glutamatergic and GABAergic sign-
aling upon T. gondii infection have also been further 
characterized, and suggest a neurodegenerative state 
of the infected CNS [77, 111]. Here, PACAP’s overall 
reduction of brain inflammation without dysregula-
tion of parasite control points towards a less dysfunc-
tional neuronal network. The explanation relies on the 
reduced IFN-γ production, MHCII expression, NO 
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production and other pro-inflammatory cytokines in 
the brain, which have detrimental effects on neurons 
[112]. Antibody-mediated depletion of IFN-γ during 
cerebral toxoplasmosis partially recovered synaptic 
alterations, although it triggered an uncontrolled para-
site burden in the brain [16]. Therefore, PACAP exerts 
amelioration of brain immunopathology and conse-
quently reduces synaptic dysfunction.

Finally, it is important to point out the limitations 
of our study. Exogenous administration of PACAP is 
sought to recover and/or enhance the beneficial effects 
of the endogenous presence of the neuropeptide, 
which are diminished or lost during neuroinflamma-
tion [45]. We applied PACAP via i.p. injections, and 
despite the relatively short half-life in the organism, 
we achieved neuroprotective results. In recent stud-
ies, intranasal administration of PACAP has proven to 
deliver more efficiently the neuropeptide to the brain, 
showing rapid absorption via nasal mucosa and high 
uptake in the occipital cortex and striatum [113, 114]. 
Still, PACAP is transported directly across the BBB 
in a very rapid transport rate [50, 115], and its uptake 
was found particularly high in the hypothalamus and 
hippocampus [116]. Besides the administration route 
and brain-region-specific penetration, another aspect 
not explored in this study is the effect of PACAP spe-
cific on astrocytes, which are known to contribute 
to recover the neuronal homeostasis during cerebral 
toxoplasmosis. We believe that PACAP restriction of 
myeloid immune cell infiltration and the shifted brain 
inflammatory environment, together, can be par-
tially mediated by the effect of PACAP on astrocytes, 
once they also express PACAP receptors. Moreover, a 
comprehensive characterization of the PACAP recep-
tors and neurotrophin receptors on Ly6C+ monocytes 
and on the recently described ILCs are necessary for 
the understanding of the neuro-immune mechanism 
involved in neuroinflammation and neurodegeneration.

Conclusions
In summary, exogenous administration of PACAP 
ameliorated T. gondii infection-induced brain pathol-
ogy, restrained the recruitment of peripheral myeloid 
cells to the brain, and reduced the activation status and 
production of pro-inflammatory mediators by micro-
glia and monocytes, resulting in neuroprotection. This 
immunomodulation restricted the detrimental effects 
of neuroinflammation. Moreover, PACAP promoted 
neuronal health likely via BDNF/p75NTR axis modu-
lation, resulting in diminished dysregulation of the 

neuronal network with implications on glutamatergic 
and GABAergic signaling inflicted by cerebral toxoplas-
mosis. Together, our findings unravel that exogenous 
PACAP administration provides beneficial cumulative 
effects of neuroprotection and immunomodulation to 
overcome infection-induced neuroinflammation.
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acid; Gbp2b: Guanylate binding protein 1; GPCRs: G protein-coupled recep-
tors; H&E: Hematoxylin and eosin; HBSS: Hanks’ balanced salt solution; HEPES: 
4-(2-Hydroxyethyl)-1-piperazineethanesulfonic acid; IFN-γ: Interferon gamma; 
Igtp: Interferon gamma-induced GTPase; IL-6: Interleukin 6; iNOS: Inducible 
nitric oxide synthase; IP3: Phosphatidylinositol 3 kinase; Irgm1: Immunity-
related GTPase family M protein 1; MHCII: Major histocompatibility complex 
type II; LPS: Lipopolysaccharides; NGF: Nerve growth factor; NO: Nitric oxide; 
NT-3: Neurotrophin-3; p75NTR: P75 neurotrophin receptor; PACAP: Pituitary 
Adenylate Cyclase-Activating Polypeptide; PBS: Phosphate-buffered saline; 
PCR: Polymerase chain reaction; PFA: Paraformaldehyde; PKA: Protein kinase A; 
PKC: Protein kinase C; PLC: Phospholipase C; RNA: Ribonucleic acid; RT-qPCR: 
Quantitative reverse transcription PCR; SEM: Standard error of the mean; TLA: 
Toxoplasma lysate antigen; TNF: Tumor necrosis factor; TrkA: Tropomyosin 
receptor kinase A; TrkB: Tropomyosin receptor kinase B; VGLUT1: Vesicular 
glutamate transporter 1.
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Additional file 1. Complementary transcriptional levels of PACAP 
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bars). 

Additional file 2. Complementary protein levels of neurotrophin receptor 
TrkB. Overall brain expression levels of TrkB in control vs PACAP-treated 
animals. Western blot membrane shows two representative samples of 
each group, and bar charts represent mean values + SEM, n = 4. 

Acknowledgements
The neuropeptide PACAP was synthesized at the Department of Medical 
Chemistry, University of Szeged (Hungary). We thank Petra Grüneberg and Dr. 
Abidat Schneider for the excellent technical assistance.

Author contributions
CAF performed experiments and analyzed data. HPD, JS, SE, MPD, GT, DR, 
MMH critically discussed experimental design, provided material and co-
edited the manuscript. IRD conceived experimental design and supervised 
the project. CAF and IRD wrote the manuscript. All authors read and approved 
the final manuscript.

https://doi.org/10.1186/s12974-022-02639-z
https://doi.org/10.1186/s12974-022-02639-z


Page 15 of 17Figueiredo et al. Journal of Neuroinflammation          (2022) 19:274 	

Funding
This work was supported by grants from the German Research Foundation 
(DFG) to IRD Project-ID 97850925—SFB 854, DU1112/5–1, and 362321501/RTG 
2413 SynAGE, as well as TKP2021-EGA-16 to DR.

Availability of data and materials
The datasets used and/or analyzed during the current study are available from 
the corresponding author on reasonable request.

Declarations

Ethics approval and consent to participate
All animal experiments were approved by the respective authorities (Landes-
verwaltungsamt Halle, Sachsen-Anhalt, Germany) in accordance with German 
and European legislation.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Author details
1 Institute of Inflammation and Neurodegeneration, Health Campus Immunol-
ogy, Infectiology and Inflammation (GC‑I3), Otto-Von-Guericke University, 
Magdeburg, Germany. 2 Department and Clinic of Surgery and Ophthalmol-
ogy, University of Veterinary Medicine, Budapest, Hungary. 3 Department 
of Medical Chemistry, University of Szeged, Budapest, Hungary. 4 Department 
of Anatomy, MTA-PTE PACAP Research Team and Szentagothai Research 
Center, University of Pecs Medical School, Pecs, Hungary. 5 Institute of Micro-
biology, Infectious Diseases and Immunology, Charité - University Medicine 
Berlin, Berlin, Germany. 6 Center for Behavioral Brain Sciences – CBBS, Magde-
burg, Germany. 

Received: 13 April 2022   Accepted: 23 October 2022

References
	 1.	 Gendelman HE. Neural immunity: friend or foe? J Neurovirol. 

2002;8(6):474–9.
	 2.	 Amor S, Puentes F, Baker D, van der Valk P. Inflammation in neurodegen-

erative diseases. Immunology. 2010;129(2):154–69.
	 3.	 Lauer AN, Tenenbaum T, Schroten H, Schwerk C. The diverse cellular 

responses of the choroid plexus during infection of the central nervous 
system. Am J Physiol Cell Physiol. 2018;314(2):C152–65.

	 4.	 Weiss LM, Dubey JP. Toxoplasmosis: A history of clinical observations. Int 
J Parasitol. 2009;39(8):895–901.

	 5.	 Tenter AM, Heckeroth AR, Weiss LM. Toxoplasma gondii: from animals 
to humans. Int J Parasitol. 2000;30(12–13):1217–58.

	 6.	 Montoya JG, Liesenfeld O. Toxoplasmosis Lancet. 
2004;363(9425):1965–76.

	 7.	 Ehret T, Torelli F, Klotz C, Pedersen AB, Seeber F. Translational rodent 
models for research on parasitic protozoa-a review of confounders and 
possibilities. Front Cell Infect Microbiol. 2017;7:238.

	 8.	 Fischer HG, Nitzgen B, Reichmann G, Hadding U. Cytokine responses 
induced by Toxoplasma gondii in astrocytes and microglial cells. Eur J 
Immunol. 1997;27(6):1539–48.

	 9.	 Blanchard N, Dunay IR, Schluter D. Persistence of Toxoplasma gondii in 
the central nervous system: a fine-tuned balance between the parasite, 
the brain and the immune system. Parasite Immunol. 2015;37(3):150–8.

	 10.	 Wohlfert EA, Blader IJ, Wilson EH. Brains and Brawn: Toxoplasma 
Infections of the Central Nervous System and Skeletal Muscle. Trends 
Parasitol. 2017;33(7):519–31.

	 11.	 Biswas A, Bruder D, Wolf SA, Jeron A, Mack M, Heimesaat MM, et al. 
Ly6C(high) monocytes control cerebral toxoplasmosis. J Immunol. 
2015;194(7):3223–35.

	 12.	 Biswas A, French T, Dusedau HP, Mueller N, Riek-Burchardt M, Dudeck 
A, et al. Behavior of neutrophil granulocytes during Toxoplasma gondii 

infection in the central nervous system. Front Cell Infect Microbiol. 
2017;7:259.

	 13.	 Steffen J, Ehrentraut S, Bank U, Biswas A, Figueiredo CA, Holsken O, et al. 
Type 1 innate lymphoid cells regulate the onset of Toxoplasma gondii-
induced neuroinflammation. Cell Rep. 2022;38:8.

	 14.	 Parlog A, Harsan LA, Zagrebelsky M, Weller M, von Elverfeldt D, Mawrin 
C, et al. Chronic murine toxoplasmosis is defined by subtle changes in 
neuronal connectivity. Dis Model Mech. 2014;7(4):459–69.

	 15.	 Lang D, Schott BH, van Ham M, Morton L, Kulikovskaja L, Herrera-
Molina R, et al. Chronic Toxoplasma infection is associated with distinct 
alterations in the synaptic protein composition. J Neuroinflammation. 
2018;15(1):216.

	 16.	 French T, Dusedau HP, Steffen J, Biswas A, Ahmed N, Hartmann S, et al. 
Neuronal impairment following chronic Toxoplasma gondii infection 
is aggravated by intestinal nematode challenge in an IFN-gamma-
dependent manner. J Neuroinflammation. 2019;16(1):159.

	 17.	 Flegr J. Effects of toxoplasma on human behavior. Schizophr Bull. 
2007;33(3):757–60.

	 18.	 Kannan G, Pletnikov MV. Toxoplasma gondii and cognitive deficits 
in schizophrenia: an animal model perspective. Schizophr Bull. 
2012;38(6):1155–61.

	 19.	 Xiao J, Buka SL, Cannon TD, Suzuki Y, Viscidi RP, Torrey EF, et al. Serologi-
cal pattern consistent with infection with type I Toxoplasma gondii in 
mothers and risk of psychosis among adult offspring. Microbes Infect. 
2009;11(13):1011–8.

	 20.	 Castano Barrios L, Da Silva Pinheiro AP, Gibaldi D, Silva AA, Machado 
Rodrigues ESP, Roffe E, et al. Behavioral alterations in long-term 
Toxoplasma gondii infection of C57BL/6 mice are associated with neu-
roinflammation and disruption of the blood brain barrier. PLoS ONE. 
2021;16(10): e0258199.

	 21.	 Berrett AN, Gale SD, Erickson LD, Brown BL, Hedges DW. Toxoplasma 
Gondii moderates the association between multiple folate-cycle factors 
and cognitive function in U.S. Adults. Nutrients. 2017;9(6):34.

	 22.	 Arling TA, Yolken RH, Lapidus M, Langenberg P, Dickerson FB, Zimmer-
man SA, et al. Toxoplasma gondii antibody titers and history of suicide 
attempts in patients with recurrent mood disorders. J Nerv Ment Dis. 
2009;197(12):905–8.

	 23.	 Zhu S. Psychosis may be associated with toxoplasmosis. Med Hypoth-
eses. 2009;73(5):799–801.

	 24.	 Torrey EF, Bartko JJ, Yolken RH. Toxoplasma gondii and other risk factors 
for schizophrenia: an update. Schizophr Bull. 2012;38(3):642–7.

	 25.	 Dunay IR, Gajurel K, Dhakal R, Liesenfeld O, Montoya JG. Treatment of 
toxoplasmosis: historical perspective, animal models, and current clini-
cal practice. Clin Microbiol Rev. 2018;31(4):8.

	 26.	 Abad C, Gomariz RP, Waschek JA. Neuropeptide mimetics and antago-
nists in the treatment of inflammatory disease: focus on VIP and PACAP. 
Curr Top Med Chem. 2006;6(2):151–63.

	 27.	 Toth D, Szabo E, Tamas A, Juhasz T, Horvath G, Fabian E, et al. Protective 
effects of PACAP in peripheral organs. Front Endocrinol (Lausanne). 
2020;11:377.

	 28.	 Hirabayashi T, Nakamachi T, Shioda S. Discovery of PACAP and its recep-
tors in the brain. J Headache Pain. 2018;19(1):28.

	 29.	 Waschek JA. VIP and PACAP: neuropeptide modulators of CNS inflam-
mation, injury, and repair. Br J Pharmacol. 2013;169(3):512–23.

	 30.	 Szabo E, Patko E, Vaczy A, Molitor D, Csutak A, Toth G, et al. Retinopro-
tective effects of PACAP eye drops in microbead-induced glaucoma 
model in rats. Int J Mol Sci. 2021;22(16):8.

	 31.	 Karlsson M, Zhang C, Mear L, Zhong W, Digre A, Katona B, et al. A single-
cell type transcriptomics map of human tissues. Sci Adv. 2021;7(31):3.

	 32.	 The Human Protein Atlas database. www.​prote​inatl​as.​org/​ENSG0​00001​
41433-​ADCYA​P1/​single+​cell+​type. Accessed 21 Mar 2022.

	 33.	 Soles-Tarres I, Cabezas-Llobet N, Vaudry D, Xifro X. Protective effects of 
pituitary adenylate cyclase-activating polypeptide and vasoactive intes-
tinal peptide against cognitive decline in neurodegenerative diseases. 
Front Cell Neurosci. 2020;14:221.

	 34.	 Langer I. Mechanisms involved in VPAC receptors activation and regula-
tion: lessons from pharmacological and mutagenesis studies. Front 
Endocrinol (Lausanne). 2012;3:129.

	 35.	 Vaudry D, Falluel-Morel A, Bourgault S, Basille M, Burel D, Wurtz O, et al. 
Pituitary adenylate cyclase-activating polypeptide and its receptors: 20 
years after the discovery. Pharmacol Rev. 2009;61(3):283–357.

http://www.proteinatlas.org/ENSG00000141433-ADCYAP1/single+cell+type
http://www.proteinatlas.org/ENSG00000141433-ADCYAP1/single+cell+type


Page 16 of 17Figueiredo et al. Journal of Neuroinflammation          (2022) 19:274 

	 36.	 Pozo D, Delgado M, Martinez C, Gomariz RP, Guerrero JM, Calvo JR. 
Functional characterization and mRNA expression of pituitary ade-
nylate cyclase activating polypeptide (PACAP) type I receptors in rat 
peritoneal macrophages. Biochim Biophys Acta. 1997;1359(3):250–62.

	 37.	 Delgado M, Pozo D, Ganea D. The significance of vasoactive intestinal 
peptide in immunomodulation. Pharmacol Rev. 2004;56(2):249–90.

	 38.	 Delgado M, Pozo D, Martinez C, Garrido E, Leceta J, Calvo JR, et al. 
Characterization of gene expression of VIP and VIP1-receptor in rat peri-
toneal lymphocytes and macrophages. Regul Pept. 1996;62(2–3):161–6.

	 39.	 Figueiredo CA, Dusedau HP, Steffen J, Gupta N, Dunay MP, Toth GK, et al. 
Immunomodulatory effects of the neuropeptide pituitary adenylate 
cyclase-activating polypeptide in acute toxoplasmosis. Front Cell Infect 
Microbiol. 2019;9:154.

	 40.	 Lamine-Ajili A, Fahmy AM, Letourneau M, Chatenet D, Labonte P, Vaudry 
D, et al. Effect of the pituitary adenylate cyclase-activating polypeptide 
on the autophagic activation observed in in vitro and in vivo models of 
Parkinson’s disease. Biochim Biophys Acta. 2016;1862(4):688–95.

	 41.	 Maasz G, Zrinyi Z, Reglodi D, Petrovics D, Rivnyak A, Kiss T, et al. Pituitary 
adenylate cyclase-activating polypeptide (PACAP) has a neuroprotec-
tive function in dopamine-based neurodegeneration in rat and snail 
parkinsonian models. Dis Model Mech. 2017;10(2):127–39.

	 42.	 Rat D, Schmitt U, Tippmann F, Dewachter I, Theunis C, Wieczerzak E, 
et al. Neuropeptide pituitary adenylate cyclase-activating polypeptide 
(PACAP) slows down Alzheimer’s disease-like pathology in amyloid 
precursor protein-transgenic mice. FASEB J. 2011;25(9):3208–18.

	 43.	 Cabezas-Llobet N, Vidal-Sancho L, Masana M, Fournier A, Alberch J, 
Vaudry D, et al. Pituitary Adenylate Cyclase-Activating Polypeptide 
(PACAP) enhances hippocampal synaptic plasticity and improves 
memory performance in Huntington’s Disease. Mol Neurobiol. 
2018;55(11):8263–77.

	 44.	 Shioda S, Nakamachi T. PACAP as a neuroprotective factor in ischemic 
neuronal injuries. Peptides. 2015;72:202–7.

	 45.	 Denes V, Geck P, Mester A, Gabriel R. Pituitary adenylate cyclase-activat-
ing polypeptide: 30 years in research spotlight and 600 million years in 
service. J Clin Med. 2019;8(9):55.

	 46.	 Dominguez-Moreno R, Do TP, Ashina M. Calcitonin gene-related pep-
tide and pituitary adenylate cyclase-activating polypeptide in migraine 
treatment. Curr Opin Endocrinol Diabetes Obes. 2022;89:2389.

	 47.	 Abad C, Tan YV. Immunomodulatory Roles of PACAP and VIP: Lessons 
from Knockout Mice. J Mol Neurosci. 2018;66(1):102–13.

	 48.	 Bereswill S, Escher U, Grunau A, Kuhl AA, Dunay IR, Tamas A, et al. Pitui-
tary adenylate cyclase-activating polypeptide-a neuropeptide as novel 
treatment option for subacute ileitis in mice harboring a human gut 
microbiota. Front Immunol. 2019;10:554.

	 49.	 Heimesaat MM, Dunay IR, Schulze S, Fischer A, Grundmann U, Alutis 
M, et al. Pituitary adenylate cyclase-activating polypeptide ameliorates 
experimental acute ileitis and extra-intestinal sequelae. PLoS ONE. 
2014;9(9): e108389.

	 50.	 Banks WA, Kastin AJ, Komaki G, Arimura A. Passage of pituitary 
adenylate cyclase activating polypeptide1-27 and pituitary adenylate 
cyclase activating polypeptide1-38 across the blood-brain barrier. J 
Pharmacol Exp Ther. 1993;267(2):690–6.

	 51.	 Figueiredo CA, Steffen J, Morton L, Arumugam S, Liesenfeld O, Deli 
MA, et al. Immune response and pathogen invasion at the choroid 
plexus in the onset of cerebral toxoplasmosis. J Neuroinflammation. 
2022;19(1):17.

	 52.	 Dusedau HP, Kleveman J, Figueiredo CA, Biswas A, Steffen J, Kliche S, 
et al. p75(NTR) regulates brain mononuclear cell function and neuronal 
structure in Toxoplasma infection-induced neuroinflammation. Glia. 
2019;67(1):193–211.

	 53.	 Kovacs AK, Atlasz T, Werling D, Szabo E, Reglodi D, Toth GK. Stability test 
of PACAP in eye drops. J Mol Neurosci. 2021;71(8):1567–74.

	 54.	 French T, Israel N, Dusedau HP, Tersteegen A, Steffen J, Cammann C, 
et al. The immunoproteasome subunits LMP2, LMP7 and MECL-1 are 
crucial along the induction of cerebral toxoplasmosis. Front Immunol. 
2021;12: 619465.

	 55.	 Rodgers L, Wang X, Wen X, Dunford B, Miller R, Suzuki Y. Strains of 
Toxoplasma gondii used for tachyzoite antigens to stimulate spleen cells 
of infected mice in vitro affect cytokine responses of the cells in the 
culture. Parasitol Res. 2005;97(4):332–5.

	 56.	 Burg JL, Grover CM, Pouletty P, Boothroyd JC. Direct and sensitive 
detection of a pathogenic protozoan, Toxoplasma gondii, by polymer-
ase chain reaction. J Clin Microbiol. 1989;27(8):1787–92.

	 57.	 Lin MH, Chen TC, Kuo TT, Tseng CC, Tseng CP. Real-time PCR for 
quantitative detection of Toxoplasma gondii. J Clin Microbiol. 
2000;38(11):4121–5.

	 58.	 Butcher BA, Fox BA, Rommereim LM, Kim SG, Maurer KJ, Yarovinsky F, 
et al. Toxoplasma gondii rhoptry kinase ROP16 activates STAT3 and 
STAT6 resulting in cytokine inhibition and arginase-1-dependent 
growth control. PLoS Pathog. 2011;7(9): e1002236.

	 59.	 Fux B, Nawas J, Khan A, Gill DB, Su C, Sibley LD. Toxoplasma gondii 
strains defective in oral transmission are also defective in developmen-
tal stage differentiation. Infect Immun. 2007;75(5):2580–90.

	 60.	 Kopec AM, Rivera PD, Lacagnina MJ, Hanamsagar R, Bilbo SD. Optimized 
solubilization of TRIzol-precipitated protein permits Western blotting 
analysis to maximize data available from brain tissue. J Neurosci Meth-
ods. 2017;280:64–76.

	 61.	 Suzuki Y. Host resistance in the brain against Toxoplasma gondii. J Infect 
Dis. 2002;185(Suppl 1):S58-65.

	 62.	 Buxade M, Huerga Encabo H, Riera-Borrull M, Quintana-Gallardo L, 
Lopez-Cotarelo P, Tellechea M, et al. Macrophage-specific MHCII expres-
sion is regulated by a remote Ciita enhancer controlled by NFAT5. J Exp 
Med. 2018;215(11):2901–18.

	 63.	 Suzuki Y, Wang X, Jortner BS, Payne L, Ni Y, Michie SA, et al. Removal of 
Toxoplasma gondii cysts from the brain by perforin-mediated activity of 
CD8+ T cells. Am J Pathol. 2010;176(4):1607–13.

	 64.	 Schluter D, Meyer T, Strack A, Reiter S, Kretschmar M, Wiestler OD, et al. 
Regulation of microglia by CD4+ and CD8+ T cells: selective analysis in 
CD45-congenic normal and Toxoplasma gondii-infected bone marrow 
chimeras. Brain Pathol. 2001;11(1):44–55.

	 65.	 Schluter D, Meyer T, Kwok LY, Montesinos-Rongen M, Lutjen S, Strack 
A, et al. Phenotype and regulation of persistent intracerebral T cells in 
murine Toxoplasma encephalitis. J Immunol. 2002;169(1):315–22.

	 66.	 Ochiai E, Sa Q, Brogli M, Kudo T, Wang X, Dubey JP, et al. CXCL9 is 
important for recruiting immune T cells into the brain and inducing 
an accumulation of the T cells to the areas of tachyzoite proliferation 
to prevent reactivation of chronic cerebral infection with Toxoplasma 
gondii. Am J Pathol. 2015;185(2):314–24.

	 67.	 Frechilla D, Garcia-Osta A, Palacios S, Cenarruzabeitia E, Del Rio J. BDNF 
mediates the neuroprotective effect of PACAP-38 on rat cortical neu-
rons. NeuroReport. 2001;12(5):919–23.

	 68.	 Mitre M, Mariga A, Chao MV. Neurotrophin signalling: novel 
insights into mechanisms and pathophysiology. Clin Sci (Lond). 
2017;131(1):13–23.

	 69.	 Cohen-Cory S, Kidane AH, Shirkey NJ, Marshak S. Brain-derived neuro-
trophic factor and the development of structural neuronal connectivity. 
Dev Neurobiol. 2010;70(5):271–88.

	 70.	 Teng HK, Teng KK, Lee R, Wright S, Tevar S, Almeida RD, et al. ProBDNF 
induces neuronal apoptosis via activation of a receptor complex of 
p75NTR and sortilin. J Neurosci. 2005;25(22):5455–63.

	 71.	 Ritala JF, Lyne SB, Sajanti A, Girard R, Koskimaki J. Towards a compre-
hensive understanding of p75 neurotrophin receptor functions and 
interactions in the brain. Neural Regen Res. 2022;17(4):701–4.

	 72.	 Lin CL, Kong Q, Cuny GD, Glicksman MA. Glutamate transporter EAAT2: 
a new target for the treatment of neurodegenerative diseases. Future 
Med Chem. 2012;4(13):1689–700.

	 73.	 Nakakubo Y, Abe S, Yoshida T, Takami C, Isa M, Wojcik SM, et al. Vesicular 
glutamate transporter expression ensures high-fidelity synaptic trans-
mission at the calyx of held synapses. Cell Rep. 2020;32(7): 108040.

	 74.	 Ji F, Kanbara N, Obata K. GABA and histogenesis in fetal and neonatal 
mouse brain lacking both the isoforms of glutamic acid decarboxylase. 
Neurosci Res. 1999;33(3):187–94.

	 75.	 Scimemi A. Structure, function, and plasticity of GABA transporters. 
Front Cell Neurosci. 2014;8:161.

	 76.	 Wang Y, Feng D, Liu G, Luo Q, Xu Y, Lin S, et al. Gamma-aminobutyric 
acid transporter 1 negatively regulates T cell-mediated immune 
responses and ameliorates autoimmune inflammation in the CNS. J 
Immunol. 2008;181(12):8226–36.

	 77.	 David CN, Frias ES, Szu JI, Vieira PA, Hubbard JA, Lovelace J, et al. GLT-
1-Dependent Disruption of CNS glutamate homeostasis and neuronal 



Page 17 of 17Figueiredo et al. Journal of Neuroinflammation          (2022) 19:274 	

function by the protozoan parasite Toxoplasma gondii. PLoS Pathog. 
2016;12(6): e1005643.

	 78.	 Abad C, Martinez C, Leceta J, Juarranz MG, Delgado M, Gomariz RP. 
Pituitary adenylate-cyclase-activating polypeptide expression in the 
immune system. NeuroImmunoModulation. 2002;10(3):177–86.

	 79.	 Abad C, Martinez C, Leceta J, Gomariz RP, Delgado M. Pituitary 
adenylate cyclase-activating polypeptide inhibits collagen-induced 
arthritis: an experimental immunomodulatory therapy. J Immunol. 
2001;167(6):3182–9.

	 80.	 Delgado M, Abad C, Martinez C, Leceta J, Gomariz RP. Vasoactive intes-
tinal peptide prevents experimental arthritis by downregulating both 
autoimmune and inflammatory components of the disease. Nat Med. 
2001;7(5):563–8.

	 81.	 Martinez C, Abad C, Delgado M, Arranz A, Juarranz MG, Rodriguez-
Henche N, et al. Anti-inflammatory role in septic shock of pituitary 
adenylate cyclase-activating polypeptide receptor. Proc Natl Acad Sci U 
S A. 2002;99(2):1053–8.

	 82.	 Abad C, Martinez C, Juarranz MG, Arranz A, Leceta J, Delgado M, et al. 
Therapeutic effects of vasoactive intestinal peptide in the trinitroben-
zene sulfonic acid mice model of Crohn’s disease. Gastroenterology. 
2003;124(4):961–71.

	 83.	 Azuma YT, Hagi K, Shintani N, Kuwamura M, Nakajima H, Hashimoto H, 
et al. PACAP provides colonic protection against dextran sodium sulfate 
induced colitis. J Cell Physiol. 2008;216(1):111–9.

	 84.	 Tan YV, Abad C, Lopez R, Dong H, Liu S, Lee A, et al. Pituitary adenylyl 
cyclase-activating polypeptide is an intrinsic regulator of Treg abun-
dance and protects against experimental autoimmune encephalomy-
elitis. Proc Natl Acad Sci U S A. 2009;106(6):2012–7.

	 85.	 Lee EY, Chan LC, Wang H, Lieng J, Hung M, Srinivasan Y, et al. PACAP is 
a pathogen-inducible resident antimicrobial neuropeptide affording 
rapid and contextual molecular host defense of the brain. Proc Natl 
Acad Sci U S A. 2021;118:1.

	 86.	 Aubert N, Falluel-Morel A, Vaudry D, Xifro X, Rodriguez-Alvarez J, Fisch 
C, et al. PACAP and C2-ceramide generate different AP-1 complexes 
through a MAP-kinase-dependent pathway: involvement of c-Fos in 
PACAP-induced Bcl-2 expression. J Neurochem. 2006;99(4):1237–50.

	 87.	 The Human Protein Atlas Database. www.​prote​inatl​as.​org/​ENSG0​00000​
78549-​ADCYA​P1R1/​single+​cell+​type. Accessed 21 Mar 2022.

	 88.	 Schluter D, Barragan A. Advances and challenges in understanding 
cerebral toxoplasmosis. Front Immunol. 2019;10:242.

	 89.	 Matta SK, Rinkenberger N, Dunay IR, Sibley LD. Toxoplasma gondii infec-
tion and its implications within the central nervous system. Nat Rev 
Microbiol. 2021;19(7):467–80.

	 90.	 Karunia J, Niaz A, Mandwie M, Thomas Broome S, Keay KA, Waschek JA, 
et al. PACAP and VIP modulate LPS-induced microglial activation and 
trigger distinct phenotypic changes in murine BV2 Microglial Cells. Int J 
Mol Sci. 2021;22:20.

	 91.	 Gazzinelli R, Xu Y, Hieny S, Cheever A, Sher A. Simultaneous depletion of 
CD4+ and CD8+ T lymphocytes is required to reactivate chronic infec-
tion with Toxoplasma gondii. J Immunol. 1992;149(1):175–80.

	 92.	 Lutjen S, Soltek S, Virna S, Deckert M, Schluter D. Organ- and disease-
stage-specific regulation of Toxoplasma gondii-specific CD8-T-cell 
responses by CD4 T cells. Infect Immun. 2006;74(10):5790–801.

	 93.	 Delgado M, Reduta A, Sharma V, Ganea D. VIP/PACAP oppositely affects 
immature and mature dendritic cell expression of CD80/CD86 and the 
stimulatory activity for CD4(+) T cells. J Leukoc Biol. 2004;75(6):1122–30.

	 94.	 Delgado M, Leceta J, Ganea D. Vasoactive intestinal peptide and 
pituitary adenylate cyclase-activating polypeptide promote in vivo 
generation of memory Th2 cells. FASEB J. 2002;16(13):1844–6.

	 95.	 Voice J, Donnelly S, Dorsam G, Dolganov G, Paul S, Goetzl EJ. c-Maf and 
JunB mediation of Th2 differentiation induced by the type 2 G protein-
coupled receptor (VPAC2) for vasoactive intestinal peptide. J Immunol. 
2004;172(12):7289–96.

	 96.	 Ganea D, Rodriguez R, Delgado M. Vasoactive intestinal peptide and 
pituitary adenylate cyclase-activating polypeptide: players in innate 
and adaptive immunity. Cell Mol Biol. 2003;49(2):127–42.

	 97.	 Delgado M, Ganea D. Inhibition of IFN-gamma-induced janus kinase-1-STAT1 
activation in macrophages by vasoactive intestinal peptide and pituitary 
adenylate cyclase-activating polypeptide. J Immunol. 2000;165(6):3051–7.

	 98.	 Delgado M. Vasoactive intestinal peptide and pituitary adenylate 
cyclase-activating polypeptide inhibit the MEKK1/MEK4/JNK signaling 

pathway in endotoxin-activated microglia. Biochem Biophys Res Com-
mun. 2002;293(2):771–6.

	 99.	 Delgado M, Ganea D. Vasoactive intestinal peptide and pituitary 
adenylate cyclase activating polypeptide inhibit the MEKK1/MEK4/JNK 
signaling pathway in LPS-stimulated macrophages. J Neuroimmunol. 
2000;110(1–2):97–105.

	100.	 Delgado M, Ganea D. Vasoactive intestinal peptide and pituitary 
adenylate cyclase-activating polypeptide inhibit nuclear factor-kappa 
B-dependent gene activation at multiple levels in the human mono-
cytic cell line THP-1. J Biol Chem. 2001;276(1):369–80.

	101.	 Voice JK, Grinninger C, Kong Y, Bangale Y, Paul S, Goetzl EJ. Roles 
of vasoactive intestinal peptide (VIP) in the expression of different 
immune phenotypes by wild-type mice and T cell-targeted type II VIP 
receptor transgenic mice. J Immunol. 2003;170(1):308–14.

	102.	 Nussbaum JC, Van Dyken SJ, von Moltke J, Cheng LE, Mohapatra A, 
Molofsky AB, et al. Type 2 innate lymphoid cells control eosinophil 
homeostasis. Nature. 2013;502(7470):245–8.

	103.	 Brifault C, Gras M, Liot D, May V, Vaudry D, Wurtz O. Delayed pituitary 
adenylate cyclase-activating polypeptide delivery after brain stroke 
improves functional recovery by inducing m2 microglia/macrophage 
polarization. Stroke. 2015;46(2):520–8.

	104.	 Fang Y, Ren R, Shi H, Huang L, Lenahan C, Lu Q, et al. Pituitary adenylate 
cyclase-activating polypeptide: a promising neuroprotective peptide in 
stroke. Aging Dis. 2020;11(6):1496–512.

	105.	 Bathina S, Das UN. Brain-derived neurotrophic factor and its clinical 
implications. Arch Med Sci. 2015;11(6):1164–78.

	106.	 Brown D, Tamas A, Reglodi D, Tizabi Y. PACAP protects against inflam-
matory-mediated toxicity in dopaminergic SH-SY5Y cells: implication 
for Parkinson’s disease. Neurotox Res. 2014;26(3):230–9.

	107.	 Zink M, Otto C, Zorner B, Zacher C, Schutz G, Henn FA, et al. Reduced 
expression of brain-derived neurotrophic factor in mice deficient for 
pituitary adenylate cyclase activating polypeptide type-I-receptor. 
Neurosci Lett. 2004;360(1–2):106–8.

	108.	 Yang J, Harte-Hargrove LC, Siao CJ, Marinic T, Clarke R, Ma Q, et al. 
proBDNF negatively regulates neuronal remodeling, synaptic 
transmission, and synaptic plasticity in hippocampus. Cell Rep. 
2014;7(3):796–806.

	109.	 Zaccaro MC, Ivanisevic L, Perez P, Meakin SO, Saragovi HU. p75 Co-
receptors regulate ligand-dependent and ligand-independent Trk 
receptor activation, in part by altering Trk docking subdomains. J Biol 
Chem. 2001;276(33):31023–9.

	110.	 Lazarovici P, Cohen G, Arien-Zakay H, Chen J, Zhang C, Chopp M, et al. 
Multimodal neuroprotection induced by PACAP38 in oxygen-glucose 
deprivation and middle cerebral artery occlusion stroke models. J Mol 
Neurosci. 2012;48(3):526–40.

	111.	 Brooks JM, Carrillo GL, Su J, Lindsay DS, Fox MA, Blader IJ. Toxoplasma 
gondii Infections Alter GABAergic Synapses and Signaling in the Central 
Nervous System. Bio. 2015;6(6):e01428.

	112.	 Ta TT, Dikmen HO, Schilling S, Chausse B, Lewen A, Hollnagel JO, et al. 
Priming of microglia with IFN-gamma slows neuronal gamma oscilla-
tions in situ. Proc Natl Acad Sci U S A. 2019;116(10):4637–42.

	113.	 Cherait A, Maucotel J, Lefranc B, Leprince J, Vaudry D. Intranasal Admin-
istration of PACAP is an efficient delivery route to reduce infarct volume 
and promote functional recovery after transient and permanent middle 
cerebral artery occlusion. Front Endocrinol (Lausanne). 2020;11: 585082.

	114.	 Nonaka N, Farr SA, Nakamachi T, Morley JE, Nakamura M, Shioda S, et al. 
Intranasal administration of PACAP: uptake by brain and regional brain 
targeting with cyclodextrins. Peptides. 2012;36(2):168–75.

	115.	 Dogrukol-Ak D, Kumar VB, Ryerse JS, Farr SA, Verma S, Nonaka N, et al. 
Isolation of peptide transport system-6 from brain endothelial cells: 
therapeutic effects with antisense inhibition in Alzheimer and stroke 
models. J Cereb Blood Flow Metab. 2009;29(2):411–22.

	116.	 Nonaka N, Banks WA, Mizushima H, Shioda S, Morley JE. Regional dif-
ferences in PACAP transport across the blood-brain barrier in mice: a 
possible influence of strain, amyloid beta protein, and age. Peptides. 
2002;23(12):2197–202.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

http://www.proteinatlas.org/ENSG00000078549-ADCYAP1R1/single+cell+type
http://www.proteinatlas.org/ENSG00000078549-ADCYAP1R1/single+cell+type

	The neuropeptide PACAP alleviates T. gondii infection-induced neuroinflammation and neuronal impairment
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Background
	Methods
	Mice and T. gondii infection-induced neuroinflammation model
	PACAP treatment and organ collection
	Cell isolation
	Flow cytometric analysis
	DNA and RNA isolation
	qPCR
	RT-qPCR
	Histopathology and immunohistochemistry
	Western blot analysis
	Statistical analysis

	Results
	PACAP alleviates brain pathology upon cerebral T. gondii infection
	PACAP restricted myeloid cell recruitment and reduced microglia and monocyte activation
	PACAP diminished IFN-γ production by recruited CD4+ T cells in infected brains
	PACAP modulates BDNF and p75NTR levels and modifies infection-induced synaptic imbalance

	Discussion
	Conclusions
	Acknowledgements
	References


