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A B S T R A C T   

Attention-deficit/hyperactivity disorder (ADHD) is a complex behavioral disorder characterized by hyperactiv-
ity, impulsivity, inattention, and deficits in working memory and time perception. While animal models have 
advanced our neurobiological understanding of this condition, there are limited and inconsistent data on 
working and elapsed time memory function. Inflammatory signaling has been identified as a key factor in 
memory and cognitive impairments, but its role in ADHD remains unclear. Additionally, the disproportionate 
investigation of male subjects in ADHD research has contributed to a poor understanding of the disorder in 
females. This study sought to investigate the potential connections between memory, neuroimmunology, and 
ADHD in both male and female animals. Specifically, we utilized the spontaneously hypertensive rat (SHR), one 
of the most extensively studied animal models of ADHD. Compared to their control, the Wistar-Kyoto (WKY) rat, 
male SHR are reported to exhibit several behavioral phenotypes associated with ADHD, including hyperactivity, 
impulsivity, and poor sustained attention, along with impairments in learning and memory. As the hippocampus 
is a key brain region for learning and memory, we examined the behavior of male and female SHR and WKY rats 
in two hippocampal-dependent memory tasks. Our findings revealed that SHR have delay-dependent working 
memory deficits that were similar to, albeit less severe than, those seen in hippocampal-lesioned rats. We also 
observed impairments in elapsed time processing in female SHR, particularly in the discrimination of longer time 
durations. To investigate the impact of inflammatory signaling on memory in these rats, we analyzed the levels of 
several cytokines in the dorsal and ventral hippocampus of SHR and WKY. Although we found some sex and 
genotype differences, concentrations were generally similar between groups. Taken together, our results indicate 
that SHR exhibit deficits in spatial working memory and memory for elapsed time, as well as some differences in 
hippocampal cytokine concentrations. These findings contribute to a better understanding of the neurobiological 
basis of ADHD in both sexes and may inform future research aimed at developing effective treatments for the 
disorder. Nonetheless, the potential mediating role of neuroinflammation in the memory symptomatology of SHR 
requires further investigation.   

1. Introduction 

Attention-deficit/hyperactivity disorder (ADHD) is a neuro-
developmental disorder broadly characterized by symptoms of inatten-
tion, impulsivity, and hyperactivity which impair social, academic and/ 
or occupational functioning (American Psychiatric Association, 2013). 
According to the Centers for Disease Control, 2022, an estimated 6 
million American children aged 3–17 years have been diagnosed with 
ADHD, accounting for nearly 10% of all children in this age range in the 

United States (2022). Often persisting into adulthood (Sontag et al., 
2013), this disorder is associated with a variety of negative outcomes, 
including impaired social function (Bunford et al., 2015), academic 
underachievement across all educational levels (Daley and Birchwood, 
2010), poorer employment outcomes (Shaw et al., 2012), and financial 
burden both individually (Altszuler et al., 2016) and societally (Pelham 
et al., 2007). Although ADHD is most often associated with inattention 
and hyperactivity, deficits in both working memory and memory for 
elapsed time have also been measured in people with ADHD (Smith 
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et al., 2002; Martinussen et al., 2005; Raiker et al., 2012; Lee and Yang, 
2019; Mukherjee et al., 2021). 

Broadly, working memory is a limited capacity cognitive function 
involved with the internal representation of information necessary for 
conscious thought, decision-making, and overt behavior during an ac-
tivity (Martinussen et al., 2005; Baddeley, 2007; Campez et al., 2020). 
Relatedly, time perception can be defined as the subjective experience of 
time tied to the ability to arrange one’s life in temporal order (Weis-
senberger et al., 2021). Importantly, impairments in working memory 
and time perception have been suggested to be the key underlying force 
behind other symptoms of ADHD, like inattention (Orban et al., 2018; 
Fried et al., 2019), underscoring the need to identify the neural mech-
anisms underlying the links between working memory deficits and 
ADHD-associated behavioral traits. 

The hippocampus is a key brain region known to contribute to these 
functions, both through its subregion-specific functioning and connec-
tions to other regions of interest including the prefrontal cortex and 
medial entorhinal cortex (mEC) (Preston and Eichenbaum, 2013; Tsao 
et al., 2018). In rats, hippocampal lesions have been previously shown to 
cause delay-dependent deficits in both working memory and memory 
for elapsed time using delayed alternation (DA) and time duration 
discrimination (TDD) tasks, respectively (Ainge et al., 2007; Sabariego 
et al., 2019, 2021; Vo et al., 2021). While these lesion studies demon-
strate the central role of the hippocampus in modulating working 
memory and memory for time, it remains unknown whether these 
observed deficits in ADHD are hippocampal-dependent. 

Animal models can provide mechanistic insight into conditions that 
cannot be easily obtained from human studies. The spontaneously hy-
pertensive rat (SHR) is the most widely investigated animal model of 
ADHD studied to date. Derived from the Wistar-Kyoto (WKY) rat 
(Okamoto and Aoki, 1963), the SHR displays many of the major 
behavioral characteristics of ADHD, as well as some genetic and brain 
structure similarities to people with ADHD. More specifically, SHR are 
inattentive, hyperactive, and impulsive, especially over time when re-
inforcers are infrequent (see Sagvolden et al., 2009 for review). 

However, past studies examining memory function in SHR have 
yielded mixed results and have also consistently under-studied female 
animals (Sontag et al., 2013; and see Wyss et al., 1992; Mori et al., 1995; 
Nakamura-Palacios et al., 1996; Ferguson et al., 2007; Hernandez et al., 
2003; Mook et al., 1993), despite evidence that ADHD manifests 
differently in males and females and may be associated with distinct 
comorbidities in each sex (Young et al., 2020). If consistent with ADHD 
symptomatology in humans, SHR would be expected to have deficits in 
their working memory and time processing (Smith et al., 2002; Marti-
nussen et al., 2005; Raiker et al., 2012; Lee and Yang, 2019; Mukherjee 
et al., 2021). 

To investigate these potential deficits in working memory and time 
perception among SHR, in this study, we utilized two hippocampal- 
dependent behavioral tasks, a DA and TDD task. Additionally, we used 
a light-dark box (LDB) test to evaluate whether underlying differences in 
anxiety might confound interpretations of memory performance 
(Rafaela et al., 2012). Because the behavior of hippocampal-lesioned 
rats had not been previously examined under a 60-s delay condition in 
the DA task, we also collected data from hippocampal- and sham- 
lesioned animals in the DA task, which allowed us to make compari-
sons between hippocampal-lesioned animals and SHR. Finally, to 
explore the potential mechanisms underlying the hypothesized 
hippocampal-dependent memory dysfunction in SHR, we investigated 
the role of neuroinflammation in the hippocampus. 

Inflammation in the hippocampus can cause long-lasting memory 
impairments through altered cytokine signaling (Yirmiya and Goshen, 
2011; Marin and Kipnis, 2013; Donzis and Tronson, 2014). Elevated 
concentrations of IL-6 and IL-10 have been observed in the serum of 
children with ADHD (Donfrancesco et al., 2021) and pro-inflammatory 
cytokine levels have been found to positively correlate with severity of 
ADHD symptoms (Oades et al., 2010). Drtilkova et al., 2008 have even 

found a significant difference in the allele and genotype frequency of 
polymorphisms affecting IL-6 and TNF-ɑ transmission in children with 
ADHD. 

In SHR, past studies have only assessed cytokine levels in male ani-
mals and never in the hippocampus. In their assessment of serum 
cytokine concentrations, Kozłowska et al. (2019) found elevated levels 
of a variety of proinflammatory cytokines in 5-week-old but not 
10-week-old SHR. These similarities in peripheral cytokine elevations in 
humans and rodent models underscore the validity of the SHR rodent 
model to interrogate plausible neuroimmune mechanisms underlying 
memory performance in ADHD. In our study, we assessed hippocampal 
concentrations of two anti- and five pro-inflammatory cytokines previ-
ously studied in the context of memory and/or ADHD (delRey et al., 
2013; Donzis and Tronson, 2014; Kozłowska et al., 2019; Xiao et al., 
2021): IL-1ɑ, IL-1β, IL-4, IL-6, IL-10, IL-18, and TNF-ɑ. 

To summarize, we aimed to investigate several questions related to 
memory deficits and cytokine levels in the hippocampi of both male and 
female SHR and WKY rats. First, we assessed whether SHR exhibit any 
impairments in working memory and time perception and completed an 
exploratory assessment of anxiety levels in SHR and WKY rats. Second, 
we compared the performance of SHR and WKY rats with that of hip-
pocampal- and sham-lesioned rats in a spatial working memory task. 
Finally, we studied cytokine levels in the hippocampi of SHR and WKY 
rats to determine whether inflammatory-mediated dysfunction in this 
brain region critical for memory could underlie observed deficits. We 
hypothesized that SHR would exhibit deficits in working memory and 
time perception as well as elevated pro-inflammatory cytokine con-
centrations, as compared to WKY rats in both sexes. 

2. Materials and methods 

2.1. Subjects 

All experimental procedures were approved by the Institutional 
Animal Care and Use Committees at Mount Holyoke College and the 
University of San Diego. In total, 70 experimentally-naïve rats were 
used: Long-Evans, n = 12 (12 females); SHR, n = 30 (15 females; 15 
males); and WKY rats, n = 28 (13 females; 15 males). All rats were ac-
quired from Charles River Laboratories (Long-Evans strain code: 006; 
SHR strain code: 007; WKY strain code: 008). Rats were housed indi-
vidually on a reversed 12-h light/dark cycle (at Mount Holyoke College) 
and on a conventional 12-h light/dark cycle (at the University of San 
Diego). 

Rats tested at Mount Holyoke College completed the LDB test (n =
23) and DA task (n = 24), while rats tested at the University of San Diego 
completed the TDD task (n = 22) (Table 1). All rats were food restricted 
and maintained at ~85% of their ad libitum weight while running the DA 
and the TDD tasks. The order in which animals ran the tasks was 
counterbalanced between cohorts. Rats were approximately 9–11 weeks 
at the start of behavioral testing. After completing behavioral testing, all 

Table 1 
Behavioral tasks and experimental manipulations. Cohort 1 (n = 12) con-
sisted of female Long-Evans rats, half of which were hippocampal-lesioned. This 
cohort completed the delayed alternation (DA) task. Cohorts 2, 3 and 4 consisted 
of equal numbers of SHR and WKY rats of both sexes. Cohort 2 (n = 24) and 
Cohort 4 (n = 12) completed the light-dark box (LDB) test. Cohort 2 also 
completed the DA task. Cohort 3 (n = 22) completed the time duration 
discrimination (TDD) task. All cohorts were food deprived for ~6 weeks and 
sacrificed after behavioral testing. Cohorts 2, 3 and 4 underwent brain extraction 
and cytokine analysis via a Luminex immunoassay.   

DA TDD LDB Luminex 

COHORT 1 ✓    
COHORT 2 ✓  ✓ ✓ 
COHORT 3  ✓  ✓ 
COHORT 4   ✓ ✓  

L.G. Anderson et al.                                                                                                                                                                                                                            



Brain, Behavior, & Immunity - Health 35 (2024) 100700

3

rats were sacrificed at approximately 12–16 weeks of age at Mount 
Holyoke College and at 25–44 weeks old at the University of San Diego. 

2.2. Surgical procedures 

Twelve female Long-Evans rats underwent brain surgery, six 
received hippocampal-lesions and six received sham-lesions. All surgery 
was performed using aseptic procedures. Anesthesia was maintained 
throughout surgery with isoflurane gas (0.8–2.0% isoflurane delivered 
in O2 at 1 L/min). The animal was positioned in a Kopf stereotaxic in-
strument and the incisor bar was adjusted until Bregma was level with 
Lambda. The bone overlying the target site was removed using a high- 
speed drill. Bilateral excitotoxic hippocampal-lesions were produced 
by local microinjections of ibotenic acid (IBO, Fisher Scientific). IBO was 
dissolved in 0.01 M phosphate-buffered saline to provide a solution with 
a concentration of 10 mg/mL before being infused at a rate of approx-
imately 0.1 μL/min using a 10 μL Hamilton syringe mounted on a ste-
reotaxic frame and held with a Kopf model 5000 microinjector. The 
syringe needle was lowered to the target and left in place for 1 min 
before the start of the infusion. After the infusion was completed, the 
syringe needle was left in place for 2 min to reduce the spread of IBO up 
the needle tract. IBO was injected into 18 sites (total volume 0.51 μL) 
within each hippocampus (all coordinates are in millimeters and relative 
to Bregma): anteroposterior (AP) − 2.4, mediolateral (ML) ± 1.0, 
dorsoventral (DV) − 3.5; AP − 3.2, ML ± 1.4, DV − 3.1, − 2.3; AP − 3.2, 
ML ± 3.0, DV − 2.7; AP − 4.0, ML ± 2.5, DV − 2.8, − 1.8; AP − 4.0, ML ±
3.7, DV − 2.7; AP − 4.8, ML ± 4.9, DV − 7.2, − 6.4; AP − 4.8, ML ± 4.3, 
DV − 7.7, − 7.1, − 3.5; AP − 5.4, ML ± 4.2, DV − 4.4, − 3.9; AP − 5.4, ML 
± 5.0, DV − 6.6, − 5.9, − 5.2, − 4.5. The procedure for sham animals was 
the same as for animals with hippocampal lesions, except that burr holes 
were not drilled and IBO was not injected. After completion of each 
lesion, the wound was closed, and the animal was allowed to recover 
from anesthesia on a water-circulating heating pad. Behavioral testing 

began two weeks after surgery. 

2.3. Behavioral testing 

For tasks performed at Mount Holyoke College, behavioral testing 
occurred in the dark phase of the light-dark cycle. The TDD task, which 
took place at the University of San Diego, was run during the light phase. 
All behavioral assessments were conducted in a dimly lit room. Behav-
ioral apparatuses were cleaned with 70% ethanol between rats and 
animal order was counterbalanced. Animals were handled by all ex-
perimenters regularly during the week before behavioral tasks began. 

2.3.1. Working memory: delayed alternation (DA) task 
The DA task is a hippocampal-dependent working memory task 

(Ainge et al., 2007), which requires rats to alternate between left and 
right sides of a figure- 8 maze in order to receive a food reward (Cocoa 
Pebbles™) (Fig. 1a). Here, we adapted the task to include a longer (60-s) 
delay condition. For detailed methods on the procedure used for this 
task, see Hoxha and Sabariego (2020). In short, delays of varying lengths 
(no delay, 10 s, and 60 s) were used to assess spatial working memory 
performance at varying working memory loads (delays), with longer 
delays correlating to higher working memory loads. The task consisted 
of three phases after habituation. For all phases, the task began by 
placing the rat at the base of the central stem of the apparatus, facing the 
choice arms. Rats were trained every day for ~ four weeks. 

In phase one, barriers were manually placed at the choice point to 
force the rat to alternate between right and left choice arms. A food 
reward (one Cocoa Pebbles™) was delivered at the end of the choice 
arm, just around the corner and out-of-sight. The first phase continued 
until the rats ran consistently, reliably ate the food rewards, and did not 
turn around or go in the wrong direction—usually for five days. Training 
sessions consisted of 30 trials or 20 min, whichever came first. In phase 
two, the rats were free to choose between the two arms of the maze, but 

Fig. 1. SHR exhibit similar working memory deficits to hippocampal-lesioned rats, particularly in long delay trials of the DA task. Tukey’s multiple 
comparison test: *p < 0.05, ***p < 0.001. (a) Experimental apparatus and paradigm for the delayed alternation task. This task was run on an elevated figure-eight 
maze. Animals received a food reward for correctly alternating between left and right arms of the maze. (b) Average percentage of correct choices for female and 
male SHR (n = 12), WKY (n = 12), hippocampal-lesioned (n = 6), and sham-lesioned (n = 6) rats in each delay condition (no delay, 10 s, and 60 s). All groups 
performed similarly in the 0-s delay condition, but hippocampal-lesioned rats performed significantly worse than sham-lesioned, SHR, and WKY rats in the 10-s delay 
trials. In the 60-s delay condition, hippocampus-lesioned rats once again performed worse than all groups, but SHR also performed worse than sham-lesioned and 
WKY rats. (c) Average proportion of trials with strings of four or more errors for SHR, WKY, hippocampal lesion, and sham-lesioned rats in each delay condition (no 
delay, 10 s, and 60 s). No groups made error strings of four or more errors in the no delay condition. In the 10-s delay condition, there was a trend for hippocampal- 
lesioned rats to make more errors than the other groups. In the 60-s delay condition, SHR and hippocampus-lesioned rats performed similarly, with both SHR and 
hippocampus-lesioned rats making a higher number of error strings of four or more errors than WKY and sham-lesioned rats. 
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only received a food reward for alternating trials. Once achieving 85% 
accuracy in the 30 trials on two out of three consecutive days, rats 
moved on to the final phase. In phase three, delays were introduced such 
that in some trials, animals had to wait 10 or 60 s at the delay site before 
being free to choose between the two arms of the maze. Delays were 
imposed using manual opaque plastic barriers at the base of the center 
arm. This phase was run for six days with each session consisting of 10 
trials of each delay length, and 10 trials without any delay between trials 
(i.e. 0-s delay), totaling to 30 trials. The accuracy of the rats’ perfor-
mance in this phase was then analyzed and compared between sexes, 
delay lengths, and genotypes. Lower percent accuracy was interpreted as 
worse working memory function. 

2.3.2. Memory for elapsed time: time duration discrimination (TDD) task 
The TDD task is a hippocampal-dependent task designed to assess a 

rat’s ability to discriminate between different lengths of elapsed time 
(Sabariego et al., 2021; Tenney et al., 2021). For detailed methods on 
the procedure used for this task, see Tenney et al. (2021). In short, rats 
were trained to turn to one side of a figure-8-maze (e.g., left) after a 10-s 
delay and to the other side (e.g., right) after a 20-s delay, as depicted in 
Fig. 2a. A tone (2000 Hz, 70 dB) was played throughout the timed delay 
to increase the salience of the delay length. When the rats discriminated 
between the two delay lengths correctly, they received a food reward 
(one Cocoa Pebbles™) at the end of the choice arm, just around the 
corner and out-of-sight. Throughout all phases, the reward was placed 
during the delay, while the rat was in the delay box, so as not to cue the 
animal to its location. 

After habituation, the task consisted of two phases, training and 
testing. For all phases, the task began by placing the rat at the base of the 
central stem of the apparatus, facing the delay box and choice arms, and 
consisted of 40 trials or 30 min, whichever came first. During training, 
when the delay ended, the rats were directed to turn the proper direction 

with manual plastic barriers. Rats moved on to the testing phase once 
they ran consistently, reliably ate the food rewards, and did not turn 
around or go the wrong direction for two consecutive days. In the testing 
phase, when the delay ended, rats had free choice between the left and 
right arms of the maze, but only received a food reward for making 
correct turn choices. This phase was run for 30 days. Memory for elapsed 
time was assessed by calculating the percentage of correctly completed 
trials at each delay duration. 

2.3.3. Anxiety-like behavior: light-dark box (LDB) test 
The LDB test is a common behavioral measure used to assess rats’ 

unconditioned anxiety response by putting rats’ innate light aversion 
and spontaneous exploratory behavior into conflict (Miller et al., 2011). 
Here, rats were placed in the light compartment of a two-compartment 
chamber apparatus facing away from the exit into the dark chamber and 
allowed to freely explore for 10 min (Fig. 3a). The dimensions of the 
light compartment were 30.48 cm × 21 cm x 8.25 cm. The dimensions of 
the dark compartment were 42.55 cm × 21 cm x 21 cm. Three behav-
ioral measures were recorded: (1) the latency for the rat to enter the dark 
compartment with all four paws after being placed in the light 
compartment, (2) the latency for the rat to re-enter the light compart-
ment with all four paws after first entering the dark compartment, and 
(3) the total time spent in the light vs dark compartments. Time spent in 
each compartment was automatically measured (by Med Associates Inc. 
Med-PC software) while the latencies for the rat to enter the dark 
compartment and then re-enter the light compartment were recorded by 
hand by two experimenters using stop watches, then averaged between 
experimenters. Shorter latencies to leave the light compartment, longer 
latencies to re-enter the light compartment, and less overall time spent 
in the light compartment were interpreted as increased anxiety-like 
behavior. 

Fig. 2. Memory for elapsed time initially impaired in female SHR in the TDD task. Tukey’s multiple comparison test: *p < 0.05. (a) Experimental apparatus and 
paradigm for the TDD task. This task was run on an elevated figure-eight maze. Animals received a food reward for turning left after a 10-s delay and for turning right 
after a 20-s delay. (b) Average percentage of correct choices during the first 10 days of testing for each sex, genotype, and time duration. SHR females (n = 6) 
performed significantly worse in the 20-s versus 10-s delay condition. Relative to WKY females (n = 4), SHR females made significantly more errors during 20-s 
duration trials. No genotype differences were found between SHR (n = 6) and WKY (n = 6) males. (c) Average percentage of correct choices made by SHR fe-
males and males in the 20-s delay trials across all 30 days of the experiment. Although both sexes improved in task accuracy across the training period, the regression 
slopes were significantly different between sexes. Females began the training period performing worse than males, but ultimately achieved similar performance by 
the end of the testing period. 
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2.4. Histological procedures 

At the completion of testing, hippocampal- and sham-lesioned rats 
were administered an overdose of sodium pentobarbital and perfused 
transcardially with 0.01 M phosphate-buffered saline (PBS) followed by 
4% paraformaldehyde solution (in 0.01 M PBS). Brains were then 
removed from the skull and kept in a solution of 4% paraformaldehyde 
for 24 h before being transferred to a 30% sucrose solution for an 
average of 48 h. Coronal sections (40-μm thick) were cut with a cryostat 
beginning at the level of the anterior commissure and continuing pos-
terior through the length of the hippocampus. Every fifth section was 
mounted and stained with cresyl violet to assess the size of the lesions. 
Each section was assessed under magnification using the Cavalieri 
method on ImageJ. The tissue was considered damaged if it was absent 
or necrotic (i.e., hippocampal tissue was present, but there was no evi-
dence of Nissl staining, or the tissue was gliotic). The volume of the 
spared tissue in the dentate gyrus (DG), CA1, CA2, and CA3 cell layers 
was quantified. The percentage of damage was calculated by normal-
izing the volume of spared tissue in each hippocampal-lesioned animal 
to the average volume of the hippocampus in animals from the sham 
group according to the following formula: 

% Damage= 1 −
Spared estimated volume

Average volume in sham lesion group
∗ 100  

2.5. Immunological assays 

At least 24 h after completing behavioral testing, SHR and WKY rats 
were anesthetized with 3% isoflurane and sacrificed. Whole brains were 
dissected and both ventral and dorsal hippocampus samples were 
collected, and flash frozen in liquid nitrogen or isopentane before being 
stored at − 80 ◦C. 

2.5.1. Tissue homogenization and sample dilution 
Hippocampal samples were thawed and homogenized using a 3.85 

μL/mg tissue buffer of Bio-Plex® Cell Lysis containing Factor 1, Factor 2, 
and 2 mM PMSF (BioRad; catalog #:171304011). Homogenates were 
then mixed with diluted buffer solution for 20 min at 4 ◦C in an orbital 
shaker and centrifuged at 4 ◦C at 4500 g for 4 min. The resulting su-
pernatant was used for subsequent analyses. Supernatants of each 
sample were diluted 1:50 in cell lysis buffer and protein concentrations 
determined using the Pierce BCA Protein Assay Kit (ThermoFisher Sci-
entific; Cat #23225). The results of the BCA protein assay were used to 
normalize protein concentration in all samples such that each had a 
2000 μg/mL overall protein concentration. 

2.5.2. Multiplex bead-based immunoassay 
Using Luminex® xMAP® technology, analysis of brain cytokines was 

performed on diluted homogenate via a 7-plex Millipore Sigma® MIL-
LIPLEX® Rat Cytokine Magnetic Bead panel (#RECYTMAG65K). In 
specific, concentrations of IL-1ɑ, IL-1β, IL-4, IL-6, IL-10, IL-18, and TNF- 
ɑ in the dorsal and ventral hippocampus of rats (n = 30) were quantified 
using a MAGPIX® multiplex reader. We assessed cytokines levels sepa-
rately in the dorsal and ventral hippocampus, as these regions are known 
to have separate functions (Fanselow and Dong, 2010; Moser and Moser, 
1998). After each brain sample was diluted to a concentration of 2000 
μg/mL of protein concentration per sample, 25 μL of premixed magnetic 
bead solution containing beads for each of the seven cytokines measured 
(1:60 dilution with assay buffer) was precisely added to the wells along 
with 25 μL of diluted samples, standards, and quality-controls, as well as 
25 μL of assay buffer. After a 2-h incubation at room temperature (RT), 
the plate was washed two times, 25 μL of detection antibody was added 
to each well, and the plate was left to incubate at RT. Then, 25 μL of 
Streptavidin-Phycoerythrin was added to each well before a 30-min 
incubation at RT in the dark. Finally, the plate was then washed two 
times and 150 μL of drive fluid was added to all wells. Intervening wash 
steps were done using Bio-Plex handheld magnet (Bio-Rad Laboratories, 
Hercules, CA, USA). After the final wash, the bead color and fluores-
cence were systematically read by a MAGPIX® machine using xPONENT 
4.2 software. The machine had been calibrated and verified earlier in the 
day using MAGPIX® Calibration (#MPX-CAL-K25) and MAGPIX® Per-
formance Verification (#MPX-PVER-K25) kits. Bead color informed 
analyte identity and amount of fluorescence informed analyte quantity. 
Fluorescence levels for each bead type in the samples were compared to 
a 5-parameter logistic regression curve created from known standard 
concentrations (manufacturer provided) in order to estimate unknown 
cytokine concentrations. All cytokines with a bead count <50 were 
excluded. The minimum amounts of detectable cytokine concentrations 
are as follows: IL-1ɑ: 4.2 pg/mL, IL-1β: 2.8 pg/mL, IL-4: 3.1 pg/mL, IL-6: 
30.7 pg/mL, IL-10: 2.7 pg/mL, IL-18: 6.2 pg/mL, and TNF-ɑ:1.9 pg/mL. 
In total, two 96-well plates were run with sex and genotype of each 
sample counter-balanced between plates. 

2.6. Statistical analysis 

For all of the behavioral statistics reported in this article, sex and 
genotype were always between-subject factors whereas delay and ses-
sion were always within-subject factors. An alpha value equal to or 
lower than 0.05 was used for statistical inferences. We analyzed the LBD 
data using unpaired t-tests and the DA and TDD data using linear 
regression analyses and two-way ANOVAs, with post-hoc Tukey’s and 
Fisher’s pairwise comparisons to identify the source of significant in-
teractions. All behavioral statistics were computed using Prism Version 
9.5.1. Immunological data were analyzed using RStudio version 
2022.12.0 + 353. To better account for variability resulting from the use 

Fig. 3. Different latencies to re-enter into the light compartment but similar total time in light and dark compartments between SHR and WKY in the LDB 
test indicative of similar anxiety-like behavior. Unpaired t-test: *p < 0.05. (a) Schematic of the LDB apparatus with light and dark compartments. Rats were 
initially placed in the light compartment. (b) Average total time that rats of each genotype spent in the light and dark compartments. Male and female SHR (n = 12) 
and WKY (n = 11) rats spent a similar amount of time in the light and dark compartments. (c) Average latencies to first enter the dark compartment and re-enter the 
light compartment. WKY rats had a significantly higher latency to re-enter the light compartment, but the latencies to enter the dark compartments were similar 
between SHR and WKY rats. 
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of two separate well plates, linear mixed effects modeling was used with 
each well-plate set as a random effect and genotype and sex set as fixed 
effects. Model variations were assessed using the likelihood ratio test 
and the best model was selected based on the lowest Akaike Information 
Criterion (AIC). Models that included a significant interaction compo-
nent in the fixed effect were confirmed using pairwise post-hoc analysis. 

3. Results 

3.1. SHR exhibit delayed-dependent working memory deficits similar to 
hippocampal-lesioned rats 

To examine working memory performance in SHR and WKY rats, as 
well as hippocampal-lesioned and sham-lesioned Long-Evans rats, we 
used a DA task with 10- and 60-s delays (Fig. 1a). This task has previ-
ously been demonstrated to be dependent on the hippocampus in male 
rats when 2- or 10-s delays were interposed (Ainge et al., 2007). In our 
female hippocampal-lesioned animals, 93.7% of the total hippocampus 
volume was ablated (93.4% of CA1, 95.4% of CA2, 96.3% of CA3 and 
89.8% of DG; Supplementary Fig. 1a and b). Fig. 1b shows the accuracy 
of all SHR, WKY, hippocampal-, and sham-lesioned rats in trials of each 
delay length. Since the hippocampal- and sham-lesioned rats were all 
female, we initially only analyzed delayed alternation data from the 
hippocampal- and sham-lesioned rats in comparison to female SHR and 
WKY rats (Supplementary Fig 1c). Because there were no sex differences 
in DA performance among male and female SHR and WKY rats, we 
decided to combine the sexes in subsequent analyses. In a two-way 
ANOVA (delay x group) with sphericity assumed, we found a highly 
significant interaction between delay and group (F(6, 96) = 9.406, p <
0.001), and main effects of both delay (F(2, 96) = 112.1, p < 0.001) and 
group (F(3, 96) = 18.10, p < 0.001). Although post-hoc analysis revealed 
that all groups performed similarly in the 0-s delay condition, in the 10-s 
delay condition, Tukey’s multiple comparisons test showed that 
hippocampal-lesioned rats performed significantly worse than 
sham-lesioned (CI: − 31.18 to − 10.00, p < 0.001), SHR (CI: − 27.58 to 
− 10.00, p < 0.001), and WKY (CI: − 27.02 to − 9.444, p < 0.001) rats. In 
the 60-s delay condition, hippocampal-lesioned rats once again per-
formed worse than sham-lesioned (CI: − 34.40 to − 14.10, p < 0.001), 
SHR (CI: − 19.36 to − 1.778, p = 0.012), and WKY rats (CI: − 32.80 to 
− 15.22, p < 0.001). In this case, however, SHR also showed impairment, 
performing worse than sham-lesioned (CI: − 22.47 to − 4.888, p < 0.001) 
and WKY (CI: − 20.62 to − 6.267, p < 0.001) rats. This deficit in SHR 
performance in the 60-s delay condition persisted despite SHR and WKY 
rats performing similarly in the training phases of this task (Supple-
mentary Fig 2). 

It has previously been proposed that hyperactivity may act as a 
confound in assessments of the spatial working memory function of SHR 
(Sontag et al., 2013). To determine if this may be the case in our delayed 
alternation task, we plotted average trial accuracy versus average ve-
locity for SHR and WKY rats in each delay condition (Supplementary 
Fig. 1d and e). Using a linear regression analysis, we found a wider range 
of velocities in SHR that, in general, tended to be faster than WKY. 
Moreover, we observed a trend for the average percentage of correct 
trials to be negatively correlated with average velocity (cm/s) for SHR in 
the no delay, 10-s and 60-s delay trials. However, the slope of the best fit 
line was only significantly non-zero in the no delay condition (CI: 
− 1.985 to − 0.5320, F(1,10) = 14.9, p = 0.0032, R2 = 0.5983). For the 
WKY rats, no significant correlation was found between trial accuracy 
and average velocity across any of the delay conditions. Since there were 
no significant genotype differences in average trial accuracy in the no 
delay condition, the effect of hyperactivity on working memory per-
formance was ruled out. 

Interestingly, in addition to showing similar overall trial accuracies, 
SHR and hippocampal-lesioned rats demonstrated comparable patterns 
of error types, specifically a tendency to make multiple errors consec-
utively (Fig. 1c). To analyze this behavioral pattern, we quantified the 

number of error strings of at least four errors in each group and delay 
condition. A two-way ANOVA (delay x group) revealed a significant 
interaction (F(6, 64) = 3.844, p = 0.002), as well as main effects of delay 
(F(2, 64) = 3.844, p < 0.001) and group (F(3, 32) = 6.039, p = 0.002). No 
groups had error strings of four or more errors in the 0-s delay condition 
(Fig. 1c). Although only hippocampal-lesioned rats tended to make more 
than four errors in a row in the 10-s delay trials, both hippocampal- 
lesioned rats and SHR made prolonged error strings in the 60-s delay 
trials (Fig. 1c). Post-hoc analysis using Tukey’s multiple comparisons 
test revealed that SHR and hippocampal-lesioned rats made a similar 
proportion of error strings of at least four errors during the 60-s delay 
condition. SHR made a significantly higher proportion of these error 
strings compared to WKY (CI: 0.01642–0.05795, p < 0.001) and sham- 
lesioned rats (CI: 0.01176–0.06262, p = 0.001) rats. Similarly, 
hippocampal-lesioned rats also made significantly more of these error 
strings when compared to WKY (CI: 0.01624–0.06710, p < 0.001) and 
sham-lesioned rats (CI: 0.01230–0.07103, p = 0.002). In sum, SHR show 
a similar tendency for behavioral perseverance as hippocampal-lesioned 
rats, but only in the 60-s delay condition. 

3.2. Elapsed time discrimination is initially impaired in female SHR at 
longer delays 

We measured the ability of rats to learn and discriminate elapsed 
time durations of 10-s versus 20-s using a TDD task (Fig. 2a). Two female 
WKY rats were excluded from the analyses due to a complete side bias 
(turning left on 98% of trials during the first seven days of testing). To 
compare TDD performance in SHR and WKY rats of both sexes during 
the first 10 days of testing, we ran a three-way repeated measures mixed 
model analysis in which we found a significant three-way interaction 
(sex x delay x genotype; F(1,36) = 9.35, p = 0.004; Fig. 2b). There was 
also a significant two-way interaction (delay x genotype; F(1,36) = 4.45, 
p = 0.04). Tukey’s multiple comparisons tests confirmed that SHR fe-
males performed significantly worse on 20-s delay trials compared to 10- 
s delay trials (CI: 0.92–36.74, p = 0.03) and to WKY females on 20-s 
delay trials (CI: 3.03–43.08, p = 0.01; Fig. 2b). No significant differ-
ences were found amongst males. Using previously unpublished data 
from Long-Evans males used in Sabariego et al. (2021), we also ran a 
two-way ANOVA to compare the performance of SHR and WKY males to 
that of the Long-Evans males during the first 10 days of testing, which 
can be seen in Supplementary Fig 3a. The delay × genotype interaction 
was found not significant (F(2,15) = 0.071, p = 0.93), validating the use 
of WKY rats as controls, and supporting the finding that only female SHR 
were impaired in this task. 

Given that the impairments in performance were seen in SHR fe-
males on 20-s delay trials during the initial learning 10-day period, we 
wanted to determine whether SHR showed sex-related differences in 
performance across all 30 days of training. Using a linear regression 
analysis, we found that the percentage of correct trials increased across 
testing days for both female (F(1,28) = 94.83, p < 0.0001, R2 = 0.77, CI: 
1.17–1.79) and male (F(1,28) = 14.02, p = 0.0008, R2 = 0.33, CI: 
0.24–0.83) SHR, but that the regression slopes for female versus male 
SHR rats on 20-s delay trials were significantly different (F(1,56) = 20.40, 
p < 0.0001), since females performed worse than males during the early 
trials but eventually had a similar percentage of correct choices towards 
the later trials (Fig. 2c). Comparing performance for all groups of rats on 
the 20-s delay trials across all 30 days of training, the male and female 
WKY rats and male SHR rats performed above chance level throughout 
all days of testing, whereas the female SHR rats performed at or below 
chance initially before reaching a comparable level of performance to 
the other groups of rats (Supplementary Fig 3b). 

3.3. Both SHR and WKY rats prefer the dark compartment of the LDB, 
but SHR show shorter latencies to return to the light compartment 

Given that strong differences in anxiety-like behavior have the 
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capacity to disrupt the performance of rodents in memory tasks (Rafaela 
et al., 2012), we assessed whether there were any differences in anxiety- 
like behavior between SHR and WKY rats using the LDB test. For all 
analyses, there were no significant effects of sex and so data were 
combined to include male and female animals of each genotype. SHR 
and WKY rats performed similarly in the LDB task, suggesting no sig-
nificant differences in anxiety-like behaviors (Fig. 3b and c). In two 
independent samples t-tests, SHR and WKY rats were found to spend a 
similar amount of time in the light and dark compartments (Fig. 3b). 
Although significant results were found in an unpaired t-test analysis of 
the latency to re-enter the light compartment after first entering the dark 
compartment between SHR and WKY rats (t(33) = 2.234, p = 0.032), the 
latencies to enter the dark compartment were similar between SHR and 
WKY rats (Fig. 3c). 

3.4. Some sex and genotype differences in TNF-ɑ, IL-4, IL-10, and IL-18 
levels in the hippocampus 

Cytokines are immune proteins required for many critical neural 
processes, the dysregulation of which can result in learning and memory 
impairments (Aubert et al., 1995; Pugh et al., 1998; Cunningham and 
Sanderson, 2008). To determine if dysregulated inflammatory signaling 
could be impairing hippocampal function in the SHR, we examined a 
range of cytokines previously linked to hippocampal-dependent mem-
ory processes: IL-1ɑ, IL-1β, IL-4, IL-6, IL-10, IL-18, and TNF-ɑ (delRey 
et al., 2013 Donzis and Tronson, 2014; Kozłowska et al., 2019). Dorsal 
and ventral hippocampal samples were analyzed separately using 
Luminex immunoassay technology, which compares the fluorescence 
levels of unknown samples to a known concentration curve in order to 
estimate protein concentrations. 

After running a Luminex immunoassay on the dorsal and ventral 
hippocampal samples of SHR and WKY rats, the concentrations of IL-1ɑ, 

Fig. 4. Limited sex and genotype differences in concentrations of TNF-ɑɑ, IL-4, IL-10, and IL-18. Of the seven cytokines analyzed in the dorsal and ventral 
hippocampus of SHR (n = 15) and WKY rats (n = 15), a model that included genotype, sex, and interaction was found to be significant for TNF-ɑ, IL-4, IL-10, and IL- 
18. Pairwise comparisons: *p < 0.05. (a) Average concentrations (pg/mL) of TNF-ɑ in the dorsal and ventral hippocampus of SHR and WKY rats. Although rats of all 
genotypes and sexes had similar levels of TNF-ɑ in the dorsal hippocampus, WKY females had significantly higher TNF-ɑ concentrations in the ventral hippocampus 
than WKY males, SHR females, and SHR males. (b) Average concentrations (pg/mL) of IL-4 in the dorsal and ventral hippocampus of SHR and WKY rats. There were 
no genotype or sex differences in dorsal hippocampal IL-4 concentrations. In the ventral hippocampus, however, male WKY had higher IL-4 concentrations than WKY 
females, SHR males, and SHR females. (c) Average concentrations (pg/mL) of IL-10 in the dorsal and ventral hippocampus of SHR and WKY rats. In contrast to IL-4 
concentrations, WKY males had lower ventral hippocampal IL-10 concentrations than both WKY females and SHR females. No significant differences in ventral 
hippocampal IL-10 concentrations were found between WKY and SHR males nor were genotype or sex differences present in the dorsal hippocampus. (d) Average 
concentrations (pg/mL) of IL-18 in the dorsal and ventral hippocampus of SHR and WKY rats. SHR females had lower IL-18 concentrations in the dorsal hippocampus 
than WKY females, WKY males, and SHR males. IL-18 concentrations were similar across all groups in the ventral hippocampus. 
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IL-1β, IL-4, IL-6, IL-10, IL-18, and TNF-ɑ were extrapolated from a 
known concentration curve and then analyzed using linear mixed-effects 
modeling. A model that included genotype, sex, and interaction was 
found to be significant for TNF-ɑ, IL-4, IL-10, and IL-18 (Fig. 4), but not 
for IL-1ɑ, IL-1β, nor IL-6 (Supplementary Fig 4). Additionally, animal 
age was found to be a significant covariate in the best fit models for TNF- 
ɑ and IL-10. In the best fit model for TNF-ɑ (p = 0.015, χ2 = 5.93), WKY 
females had significantly higher TNF-ɑ concentrations in the ventral 
hippocampus than WKY males (p = 0.0006), SHR females (p = 0.051), 
and SHR males (p = 0.002; Fig. 4a). This resulted in a statistically sig-
nificant effect of genotype in TNF-ɑ concentrations among females (b =
− 2.42, CI: − 4.66 to − 0.19, p = 0.051) as well as a significant sex effect 
among WKY rats (b = − 5.17, CI: − 7.67 to − 2.68, p = 0.001), effects that 
were still present despite the model including age as a significant source 
of variability. Pairwise comparisons between male WKY rats and SHR 
females and males indicated no differences in TNF-ɑ, suggesting that 
these genotype effects are only present in females (p > 0.05 for all 
comparisons). Regarding IL-4, the model selected (p = 0.025, χ2 = 7.40) 
also indicated a sex difference, once again only among WKY rats (b =
91.55, CI: 26.97–156.12, p = 0.013; Fig. 4b). Here, age was not a sig-
nificant covariate and therefore was excluded from the final model. 
Post-hoc analysis confirmed that male WKY had higher ventral hippo-
campal IL-4 concentrations than WKY females (p = 0.022), SHR males 
(p = 0.041), and SHR females (p = 0.022). Unlike IL-4, WKY males had 
lower concentrations of IL-10 in the ventral hippocampus than the other 
groups. Specifically, the best fit model, which included age as a covar-
iate (p = 0.062, χ2 = 7.48), showed a significant effect of sex among 
WKY rats (b = − 74.87, CI: − 122.89 to − 26.85, p = 0.007; Fig. 4c). Post- 
hoc analysis confirmed that male WKY had lower ventral hippocampal 
IL-10 concentrations than both WKY females (p = 0.007) and also SHR 
females (p = 0.003). No significant differences in ventral hippocampal 
IL-10 concentrations were found between WKY and SHR males (p >
0.05). Finally, the model found to be significant for IL-18, in which age 
was not a significant covariate (p = 0.0017, χ2 = 9.82), revealed a sig-
nificant effect of genotype on IL-18 concentrations among females (b =
− 102.15, CI: − 184.43 to − 19.87, p = 0.026) but not males (p = 0.869). 
More specifically, SHR females had lower IL-18 concentrations in the 
dorsal hippocampus than WKY females (p = 0.0257), WKY males (p =
0.0458), and SHR males (p = 0.0002; Fig. 4d). Models with fixed effects 
were not significant for the remaining cytokines, IL-1ɑ, IL-1β, and IL-6 
(Supplementary Fig 4). 

4. Discussion 

Although deficits in working memory and memory for elapsed time 
are key features of ADHD, research investigating the neurobiological 
correlates of these deficits is notably limited, and often fails to consider 
sex as a biological variable. The SHR strain serves as the primary animal 
model for ADHD, yet there is ongoing debate regarding its fidelity 
modeling both ADHD symptomatology and neurobiology, particularly 
with respect to cognitive impairments. Cytokines, known to influence 
both cognitive function (Donzis and Tronson, 2014) and ADHD symp-
tomatology (Oades et al., 2010), could provide insight into the memory 
impairments associated with ADHD through the lens of neuro-
inflammation. However, only a few studies have assessed cytokine 
concentrations in SHR. These studies have generally not analyzed the 
hippocampus independently, despite its critical role in memory func-
tion, nor have they included female animals. To directly examine the 
memory function and related neurobiology of SHR as compared to their 
control, the WKY rat, we sought to characterize working and elapsed 
time memory, as well as investigate potential differences in hippocam-
pal cytokine concentrations, across genotypes and sexes. 

We found that SHR exhibit delay-dependent working memory defi-
cits, with particular impairment in the highest working memory load 
condition (60-s delay) of a DA task. These deficits were similar to those 
observed in rats with hippocampal lesions, although comparatively less 

severe. In the TDD task, which assessed memory for elapsed time, female 
SHR exhibited difficulties in differentiating the delay lengths during the 
first ten days of testing, particularly on the longer 20-s delay trials. These 
impairments were not observed in male SHR. Differences in anxiety-like 
behavior were ruled out as a source of impaired memory performance in 
SHR using a LDB test. In our exploratory analysis of hippocampal neu-
roinflammation, we found some differences in hippocampal cytokine 
concentrations between rat sexes and genotypes, but concentrations 
were overall similar across groups. 

Our results from the DA task validate the SHR as a reliable model for 
understanding working memory deficits in ADHD, encompassing both 
sexes for the first time. We observed delay-dependent spatial working 
memory deficits in SHR, which align with past studies in humans with 
ADHD (Kasper et al., 2012; Alderson et al., 2013) and those assessing 
working memory function in male SHR using a radial arm maze task 
(Nakamura-Palacios et al., 1996; Hernandez et al., 2003; Potter, 2022). 
Notably, we found no significant sex differences, indicating that working 
memory deficits are similar in male and female SHR, as is consistent 
with the limited human data available (Skogli et al., 2013). 

In addition to investigating potential sex differences, our study 
provides a novel comparison between SHR and hippocampal-lesioned 
rats, as well as WKY and sham-lesioned rats. Despite concerns 
regarding the validity of WKY rats as controls in previous research 
(Grauer and Kapon, 1993; Redei et al., 2022; Robertson et al., 2008), our 
findings reveal highly similar performance between WKY and 
sham-lesioned Long-Evans rats across both the DA and TDD tasks (Fig. 1; 
Supplementary Fig. 3a). Moreover, when comparing SHR and 
hippocampal-lesioned rats, we found that SHR performed similarly, 
albeit with a less severe deficit primarily observed in the longest delay 
condition. The shared propensity for both SHR and 
hippocampal-lesioned rats to make consecutive errors indicates a po-
tential link to the medial temporal lobe, consistent with prior research 
(Sabariego et al., 2019; Nakamura-Palacios et al., 1996). These simi-
larities in overall trial accuracy and perseverative behaviors further 
suggest underlying hippocampal malfunction in SHR. 

Deficits in memory for elapsed time are another important charac-
teristic of ADHD yet inconclusively measured in SHR (Smith et al., 2002; 
Toplak and Tannock, 2005; Lee and Yang, 2019). While previous 
research by Ferguson et al. (2007) found comparable temporal pro-
cessing performances between SHR and WKY rats, our study employed 
the TDD task (Sabariego et al., 2021; Tenney et al., 2021) to assess time 
discrimination of longer delay periods in male and female SHR and WKY 
rats. Our findings showed that female SHR struggled to differentiate 
between delay lengths, particularly in longer, 20-s delay trials, aligning 
with time processing deficits observed in individuals with ADHD (Lee 
and Yang, 2019; Smith et al., 2002; Toplak and Tannock, 2005). Inter-
estingly, this deficit was transient, disappearing by day 30 of testing, and 
was not observed in male SHR. These findings, reminiscent of memory 
deficits in animals with hippocampal and mEC lesions (Sabariego et al., 
2021; Vo et al., 2021), further suggest medial temporal lobe involve-
ment in SHR memory deficits and support the SHR as an ADHD model. 
Nevertheless, further research is needed to explore time processing 
abilities in SHR beyond the scope of working memory and across various 
time intervals, spanning from hours to days. 

To address potential confounding factors, we examined anxiety-like 
behavior levels in SHR and WKY rats using a LDB test, as anxiety is 
frequently comorbid with ADHD in humans (D’Agati et al., 2019) and 
can impact rodent memory performance (Rafaela et al., 2012). 
Remarkably, we observed a shorter average latency for SHR to re-enter 
the light compartment after initially entering the dark compartment, 
potentially suggesting reduced anxiety-like behavior in SHR compared 
to WKY rats. However, it is important to consider that this result may be 
influenced, at least in part, by differences in locomotion and hyperac-
tivity, aligning with the similarity in total time spent in each compart-
ment. These findings parallel concerns raised regarding locomotor 
activity as a potential confounder in SHR spatial memory assessments 
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(Sontag et al., 2013). To address this, we evaluated working memory 
performance in the delayed alternation task at different velocities and 
found no genotype differences at the 60-s delay condition, the only delay 
where SHR and WKY rats exhibited significant behavioral differences, 
suggesting that hyperactivity does not account for the observed differ-
ences in working memory between the two groups. 

Having established that the impairments in working memory are not 
directly linked to differences in hyperactivity or differences in anxiety- 
like behaviors, we turned our focus to investigating the neuroimmune 
environment in the hippocampus by measuring the concentrations of 
seven cytokines in both the dorsal and ventral regions. We collected 
separate dorsal and ventral samples, as these regions are known to be 
associated with distinct functions (Moser and Moser, 1998; Fanselow 
and Dong, 2010). 

Ultimately, we observed higher concentrations of TNF-ɑ in WKY 
female rats and reduced concentrations of IL-18 in SHR females 
compared to all other groups. Importantly, both TNF-ɑ and IL-18 
signaling can impact neuronal function and long-term potentiation 
through both direct and indirect mechanisms (Prieto et al., 2019). 
However, it is important to note that the magnitude of these changes was 
relatively modest in comparison to reports of cytokine upregulation in 
response to learning (see Arisi, 2014 for review). The fact that WKY 
females had elevated TNF-ɑ levels and yet did not perform at a deficit in 
hippocampal-dependent tasks raises questions about the biological 
relevance of these statistically significant results. 

Similarly, in males, WKY rats showed elevated levels of IL-4 and 
significantly lower levels of IL-10 in the ventral hippocampus. Both IL- 
10 and IL-4 are anti-inflammatory cytokines known to regulate neuro-
inflammation and mitigate memory and plasticity impairments caused 
by excessive inflammation (Lynch et al., 2004; Nolan et al., 2005; 
Richwine et al., 2009; Donzis and Tronson, 2014; Kamaltdinova et al., 
2021). The elevated IL-4 levels in WKY males suggest potential protec-
tion from stress-induced neuroinflammation. However, it is worth 
noting that IL-10 concentrations showed an opposite trend among male 
WKY rats, and neither IL-4 nor IL-10 exhibited elevated levels in female 
WKY rats, despite their equivalent performance in spatial memory tasks. 
Taken together, our preliminary exploration of hippocampal cytokines 
in the SHR model provides limited evidence of sustained inflammatory 
differences between genotypes. 

While our data cannot definitively rule out the possibility of neuro-
inflammatory processes playing a developmental role in later-life 
memory deficits, it aligns with findings by Kozłowska et al. (2019), 
who reported elevated levels of several cytokines in 5-week-old SHR that 
largely normalized by 10 weeks. Since our rats were aged 12 weeks or 
older at the time of sacrifice, it is possible that neuroinflammation in the 
hippocampus during earlier developmental stages in SHR could have 
contributed to the working memory and memory for elapsed time def-
icits observed in our study. Additionally, our analysis could not fully 
account for the effects of the different behavioral exposures experienced 
by each cohort (see Table 1). To delve further into the impact of neu-
roinflammation on the developing brain of SHR, future experiments 
should assess cytokine levels in the hippocampi of 5-week-old, experi-
mentally naïve rats. 

In summary, our results emphasize the significance of the hippo-
campus in the working memory and memory for elapsed time-related 
symptoms of ADHD. We demonstrated that SHR perform worse than 
controls in a hippocampal-dependent working memory task, approach-
ing performance deficits seen in hippocampal-lesioned rats. Further-
more, female SHR exhibit deficits in discriminating time intervals akin 
to the impairments observed following hippocampal- (Sabariego et al., 
2021) and mEC- (Vo et al., 2021) lesions. Given the substantial evidence 
linking working and time memory deficits to ADHD, our findings un-
derscore the utility of the SHR as an ADHD model, emphasizing the need 
to address these deficits in therapeutic interventions (Fried et al., 2019; 
Huang-Pollock et al., 2017). Investigating the neurobiological sources of 
these impairments, including the role of the hippocampus, constitutes a 

crucial step toward this goal. Further research is required to determine 
whether cytokine neuroinflammation drives hippocampal dysfunction 
in SHR. While our data demonstrate for the first time the existence of 
some cytokine concentration differences between SHR and WKY rats in 
the hippocampus, their biological relevance remains unclear. Future 
work should assess cytokine concentrations at earlier developmental 
stages and further investigate how hippocampal dysfunction may impact 
working and elapsed time memory function in SHR. Understanding the 
neurobiological basis of memory deficits in ADHD may ultimately 
inspire the development of novel treatment strategies, potentially 
improving the lives of people with ADHD. 
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