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Effects of whole brain proton
irradiation at conventional or ultra-
high dose rate (FLASH), in adult

male Sprague Dawley rats
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Radiation is an effective treatment for many brain tumors, but often causes cognitive impairment.
Ultra-high dose rate (FLASH) radiotherapy is less toxic to many normal tissues and may protect against
adverse cognitive effects of cranial irradiation. Adult male Sprague Dawley rats received a single 18 Gy
fraction of cranial irradiation with protons at 1 Gy/s (CV), 60 Gy/s (FLASH-60), 95 Gy/s (FLASH-95), or
sham treatment (Control) (n = 22/group). Rats were tested in open-field, acoustic (ASR) and tactile
startle (TSR), novelty preference, radial water maze (RWM), Morris water maze (MWM), Cincinnati
water maze configurations A and B (CWM-A CWM-B), and novelty tests. Locomotion was decreased
and TSR increased in all irradiated rats and ASR increased in FLASH-95 rats compared with Controls. In
MWAM acquisition and reversal, the CV and FLASH-60 rats had reduced path efficiency but during shift
and shift reversal all irradiated rats had increased latencies and reduced path efficiencies compared
with Controls. In CWM-A all irradiated rats performed below Controls. There were no differences found
in CWM-B, novelty tests, or RWM. In summary, FLASH treatment after 18 Gy cranial proton irradiation
did not result in reduced cognitive toxicity.

Keywords Cognition, Spatial learning and memory, Egocentric learning, Memory, Working memory, Proton
radiotherapy, FLASH effect

Radiation therapy is an important treatment for reducing the morbidity and mortality associated with both
primary and metastatic brain tumors; however, this treatment can affect the adjacent normal brain tissue
causing long-term cognitive deficits'. For this reason, focal irradiation of tumors utilizing advanced radiation
techniques (e.g. intensity modulated X-ray therapy, stereotactic radiosurgery, and proton therapy) is performed
whenever possible with the goal of minimizing radiation exposure to adjacent normal brain tissue, especially
radiosensitive brain regions such as the hippocampus?. Compared with photon (X-ray) therapy, proton therapy
can further reduce exposure of normal brain tissue when delivering focal treatments but does not completely
alleviate later cognitive impairments®. Unfortunately, there are situations where it is necessary to target and
treat the whole brain with no possibility of sparing normal brain tissue and the associated cognitive toxicities
even with advanced techniques. Adult patients experience measurable cognitive impairments from whole
brain irradiation, but these impairments are even more severe for pediatric patients due to the sensitivity of the
developing brain to ionizing radiation.

Rodent models of toxicities resulting from cranial irradiation replicate the clinical findings, with juvenile rats
experiencing equivalent deficits in a 5-choice serial reaction test after a single fraction of cranial irradiation with
X-rays (10 Gy) or a biologically equivalent dose of spread out Bragg peak protons (9.1 Gy) compared with sham
treated controls*. Differences in MRI imaging characteristics of the brain were identified between photon and
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proton treated rats, suggesting some differences in the radiobiology between the two modalities despite similar
cognitive toxicity. Adult rats treated with cranial irradiation with protons at doses of 11-17 Gy induced deficits
in several cognitive domains that included egocentric and allocentric learning and memory, working memory,
as well as impairments in other behaviors, reproducing the toxicity experienced by patients treated with similar
or higher doses of fractionated whole brain irradiation with photons or protons, and demonstrating the need
for novel approaches for sparing cognitive function, even with proton radiotherapy’. Emerging data suggest
that radiotherapy delivered at ultra-high dose rates (FLASH) may result in reduced normal tissue toxicity with
equivalent tumor control, known as the FLASH effect, and this is one potential approach for greater protection
against cranial irradiation induced cognitive toxicity®~.

Most studies demonstrating the FLASH effect have utilized high energy electron beams, with normal tissue
protection seen in zebrafish, mice, minipigs, and cats'®'. In one early study of mice treated with 10 Gy whole
brain irradiation with electrons at dose rates that ranged from 0.1 (conventional dose rate) to 500 Gy/s, novelty
preference was preserved two months after exposure at dose rates above 60 Gy/s'>. Novel object recognition
(NOR) was spared after 10 or 12 Gy cranial irradiation with electrons at a FLASH dose rate compared with
mice treated to the same doses at a lower conventional dose rate, and this relative sparing was lost at 14 Gy.
Other behavioral tests showed relative sparing with 10 Gy electron FLASH on tests of temporal order, light-dark
preference, forced swim, and extinction after conditioned freezing!%. Similar findings were observed in mice
with brain tumors treated with a single 10 or 14 Gy fraction of whole brain electron irradiation, with sparing of
novelty preference after 10 Gy FLASH treatment (a range of rates were used but all were over 100 Gy/s) compared
with the same 10 Gy dose at a conventional dose rate (0.1 Gy/s), but deficits were observed at 14 Gy regardless
of dose rate'®. Interestingly, sparing of NOR and novel place recognition was found after 30 Gy whole brain
irradiation with electrons at FLASH dose rates compared with the same treatment at a lower conventional dose
rate. This sparing of novelty preference differences with FLASH treatment was also observed when delivered
in two fractions of 7 Gy, but sparing with FLASH was lost when the treatment was further fractionated into
four treatments of 3.5 Gy'°. Three week old mice treated with whole brain irradiation in two 10 Gy fractions of
electrons delivered at conventional (0.09 Gy/s) or FLASH dose rates (5.6 x 10° Gy/s) resulted in relative sparing
of novel location preference (an object is moved to a new location where an object had not been previously) and
NOR with FLASH, but no sparing was observed with FLASH versus conventional dose rate treatment in the
light dark test or in social interactions of females!'”. While these studies are informative, electron beams do not
have the penetrating power to be useful in the clinic for brain radiotherapy in patients.

Studies of the FLASH effect using proton beams have been performed in humans, rats, and mice
In regard to cognitive effects, relative sparing of egocentric learning and memory was reported in postnatal
day (P)11 rats treated with 5 Gy whole brain irradiation with protons at FLASH (100 Gy/s) and conventional
(1 Gy/s) dose rates, when tested as adults!®. No sparing was observed in P11 rats treated with 8 Gy proton
FLASH. In a different study, adult rats given 25 Gy whole brain irradiation at a conventional dose rate (4 Gy/s)
or FLASH (257 Gy/s) did not exhibit any relative protection on behavioral outcomes in an open field or home-
cage wheel running test?. While novelty was tested in the latter study, there was no significant difference in
this test among the conventional, FLASH, and sham treated controls however, the small number of subjects
tested may have compromised the statistical power, making the results difficult to interpret. These published
reports are intriguing and suggest that whole brain irradiation delivered at FLASH dose rates may cause less
neurocognitive toxicity compared with the same treatment delivered at conventional dose rates, motivating the
need for further investigation of the potential sparing of cognitive deficits following whole brain irradiation with
protons delivered at FLASH versus conventional dose rates, utilizing a range of tests of multiple cognitive and
behavioral domains.

In this study, adult male Sprague Dawley rats (P66 at treatment) were used to evaluate the effect of 18 Gy
cranial irradiation with protons delivered at a conventional dose rate of 1 Gy/s (CV) or FLASH dose rates of
60 Gy/s (FLASH-60) or 95 Gy/s (FLASH-95), with sham treated controls for comparison (Sham: anesthetized
with isoflurane and placed under the beam nozzle but not irradiated). The 18 Gy dose was selected for several
reasons (1) to ensure that cognitive deficits would develop in these rats as we saw with other doses’, (2) our
previous study did not use a collimator, the dose response was flat, and a higher dose seemed warranted, and
(3) the majority of FLASH data in mice showed electron irradiation induced deficits in novelty recognition,
although in rats at a dose of 17 Gy novelty was unaffected and therefore a higher dose was used. This last point
was important since it suggested that rats are affected differently than mice and this might apply to the FLASH
effect as well. Therefore, while the novel object effect fades away following 14 Gy in mice, there are no data
showing that this is true for all species or that it was true for other cognitive realms. Behavioral tests were used
to examine different brain structures and functions, with multiple structures involved in the types of learning
and memory assessed. Using a test battery reduces the number of rats needed to characterize different cognitive
and behavioral domains and is more comparable to human outcome tests?*?°. Tests were run from least to most
stressful?®. Rats were assessed at 5 times post-irradiation for open-field activity (bi-weekly), followed by acoustic
(ASR) and tactile startle (TSR) with or without acoustic or light prepulses, and then on novelty tests as used by
Montay-Gruel, et al.'2, radial water maze (RWM) for working memory, Morris water maze (MWM) acquisition
and reversal for allocentric learning and memory and cognitive flexibility, the Cincinnati water maze (CWM-A
and B) for egocentric learning and memory, MWM shift and shift reversal for follow-up spatial learning, and
NOR. At the end of behavioral testing, brains were collected and analyzed for a-amino-3-hydroxy-5-methyl-
4-isoxazolepropionic acid receptor (AMPA), N-methyl-D-aspartate receptor 1 (NMDA-NR1), and NMDA-
NR2 in the hippocampus since these are important in allocentric learning and memory and dopamine receptor
D1 (DRD1) and tyrosine hydroxylase (TH) in the neostriatum that are known to be important in egocentric
learning and memory. A different set of rats was assessed for proinflammatory cytokines at post-irradiation day
2 (PID2) and PID7, since others showed changes in cytokines after electron irradiation?’.
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Results

Two experiments were conducted: a comprehensive behavioral and cognitive assessment (Experiment 1) and a
cytokine study (Experiment 2). There were 4 groups in each experiment: Sham, CV, FLASH-60, and FLASH-95.
Behavioral assessment began on PID7. For the behavioral analyses, unless otherwise stated, the group sizes were
as follows: Sham = 21, CV = 21, FLASH-60 = 16, and FLASH-95 = 18. Two Dunnett test comparisons were made
for main effects: in the first all groups were compared with Shams and cognitive deficits were hypothesized, and
in the second all groups were compared against the CV group since this is the test of FLASH sparing versus CV
exposure. A timeline of the behavioral test battery for Experiment 1 is shown in Fig. 1.

Mortality and body weights

All groups started with 22 rats except for the FLASH-60 group that started with 26 rats. One rat died in the
Sham and CV groups, 3 rats in the FLASH-95 group, and 10 rats in the FLASH-60 group. The FLASH-60 group
had increased mortality compared with the other groups (X2 (3) = 15.35, p < 0.002) with most deaths occurring
within 2 weeks PID (Fig. 2a).

All irradiated groups weighed less than the Sham group, p < 0.0001, but there were no differences between
the CV and FLASH groups. Body weights of all groups increased over the weeks [F(22, 1439) = 84.3, p < 0.0001].
There was an interaction of irradiation x day [F(66, 1493) = 9.03, p < 0.0001]. On the day of irradiation, there
were no differences in body weights between groups, however beginning at PID7, irradiated groups weighed less
than the Sham group (p < 0.0001) (Fig. 2b).

Open field

Rats were tested in the open field every other week starting at PID7 to test motor ability, explorative behavior,
and general health prior to cognitive testing. Total ambulation (Fig. 3a and b) was reduced in all irradiated
groups compared with Sham (Fig. 3b: CV: p < 0.02; FLASH-60: p < 0.01; FLASH-95: p < 0.001). There were
no differences for total ambulation between the FLASH groups and the CV group. Total ambulation increased
over time [F(4, 212) = 4.34, p < 0.003] compared with week-1 with the exception of week-5 (Fig. 3a), however,
the irradiation x week interaction was not significant. Similarly, center ambulation (Fig. 3c and d) was reduced
in all irradiated groups compared with Sham (Fig. 3d: CV: p < 0.05; FLASH-60: p < 0.01; FLASH-95: p < 0.01),
however there were no differences between CV and FLASH groups. Center ambulation also increased over
weeks [F(4, 211) = 8. 45, p < 0.0001] compared with week-1 (Fig. 3c), however, there was no interaction of
irradiation x week.

Acoustic and tactile startle response

On PID64 ASR and TSR were assessed in blocks of 5 trials across a total of 10 blocks. For ASR, only the FLASH-95
group had greater ASR than Sham [Fig. 4a: FLASH-95: p < 0.04], and there were no differences between the CV
and FLASH groups. There was an effect of trial block [F(9, 460) = 2.26, p < 0.02] but not of irradiation x block.
For TSR, all irradiated groups, regardlesss of dose rate, had greater responses than the Sham group [Fig. 4b: CV:
P <0.007; FLASH-60: p < 0.005; FLASH-95: p < 0.0001]. There were no differences between the CV and FLASH
groups. Block was significant [F(9, 463) = 2.00, p < 0.04] but not the interaction of irradiation x block.
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Fig. 1. Timeline of behavioral and cognitive tests. Rats were tested five times PID at two-week intervals

in open field, and then for acoustic and tactile startle response (ASR and TSR) habituation and prepulse
inhibition (PPI) with acoustic or light prepulses prior to ASR or TSR, novel object recognition (NOR), object
in place (OIP), and object temporal order (TO). Water maze testing was next beginning with straight channel
training, then radial water maze (RWM), Morris water maze (MWM) acquisition (Acq) and reversal (Rev),
Cincinnati water maze (CWM-A), MWM shift, shift reversal, and MWM cued, CWM-B, and NOR. Created
with BioRender.com.
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Fig. 2. Survival (a) and body weight (b) after Sham or 18 Gy cranial irradiation. Mortality was higher in the
FLASH-60 group compared with the other groups (p < 0.002). Irradiated rats all lost weight within the first
week and weight remained significantly depressed compared with the Sham group at all timepoints from PID7
until the end of behavioral testing at PID154. There were no differences in weights between the CV and FLASH
groups. **p < 0.01, ***p < 0.001 compared with Sham. Mortality was analyzed by log-rank Mantel-Cox test and
body weights were analyzed by irradiation x day (repeated) ANOVA. Sham = 21, FLASH-95 = 18, FLASH-60 =
16,and CV = 21.

Acoustic and light prepulse inhibition with ASR and TSR

On PID65, rats were tested for ASR and TSR with an acoustic prepulse (PPI). For ASR with an acoustic prepulse,
there were no differences between groups. With each increase in sound level of the prepulse, rats had greater
inhibition regardless of group [F(4, 210) = 101.05, p < 0.0001]; there was no interaction of irradiation x trial
type (Fig. 5a).

For TSR with acoustic prepulse, the CV and FLASH-95 rats had increased responses, regardless of trial
type, compared with Sham rats (Fig. 5b: CV: p < 0.04; FLASH-95: p < 0.003). There was no difference between
the FLASH-60 and Sham rats and no differences between the CV and FLASH groups. With each increase in
the sound level of the prepulse, rats had greater inhibition [F(4, 218) = 35.92, p < 0.0001], and there was no
interaction of irradiation x trial type (Fig. 5¢).

On PID66, rats were tested for ASR and TSR with a light prepulse. For ASR with light prepulse, prepulse to
pulse interval was varied rather than prepulse intensity; there were no differences between irradiated groups and
Sham controls or between the CV and FLASH groups. Regardless of group, the typical U-shaped curve for time-
dependent inhibition was observed [F(4, 191) = 115.60, p < 0.0001]. There was an effect of irradiation x trial
type [F(12, 226) = 2.27, p < 0.01] (Fig. 5d). At the 400 ms prepulse, the 95-FLASH rats had an increased response
compared with the Sham and CV groups.

For TSR with light prepulse, the FLASH-95 rats had greater TSR compared with Sham rats (p < 0.02), whereas
there was no difference between the FLASH-60 or CV rats compared with Sham controls (Fig. 5e). There was
also no difference between the CV group and the FLASH groups. However, there was an effect of irradiation x
trial type [F(12, 288) = 1.78, p = 0.05]. With no prepulse, the CV (p < 0.03) and FLASH-95 (p < 0.002) rats had
a greater response than Sham rats whereas the FLASH-60 did not differ significantly from Shams. Similarly,
at 400 ms the FLASH-95 (p < 0.003) rats had a greater response than Sham rats whereas the CV and Flash-60
groups did not differ from Shams. Inhibition was observed at all prepulse intervals compared with no prepulse
trials [F(4, 288) = 84.39, p < 0.0001] (Fig. 5f).

Novel object recognition
NOR was assessed on PID67-PID68. There were no differences in preferences for the novel object between
irradiated groups and Sham or between the CV group and FLASH groups. All groups spent more time with the
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Fig. 3. Open field total activity (a, b) and center ambulation (¢, d) measured in photobeam interruptions. (a)
Total ambulation over 5 biweekly tests. (b) Main effect for total ambulation. All irradiated groups had reduced
ambulation compared with Sham. The CV and FLASH groups did not differ for total ambulation. (c) Center
ambulation over 5 biweekly tests. (d) Main effect for center ambulation. All irradiated groups had reduced
center ambulation compared with Sham. Center ambulation for CV and FLASH groups was not significantly
different. No interactions were significant. Open field activity was analyed by Dunnett’s and an irradiation x
week (repeated) ANOVA. *p < 0.05, **p < 0.01, ***p < 0.001. Sham = 21, FLASH-95 = 18, FLASH-60 = 16, and
CV =21.

novel object compared with the familiar objects (chance = 7.5 s). Mean novel object exploration times out of 30 s
were: Sham: 10.6 + 1.0 s; FLASH-95:11.4 + 1.1 s; FLASH-60:9.0 + 1.2s5; CV: 10.5+ 1.0 s.

Object in place

Object in place was assessed on PID74. There were no differences in preferences for the changed positions of two
objects between irradiated groups and Sham or between the CV group and FLASH groups. All groups performed
below chance (15 s). Mean object in place exploration times were as follows: Sham: 9.9 + 1.3 s; FLASH-95: 11.0
+ 1.4 s, FLASH-60: 8.7 £1.55; CV: 11.6 + 1.3 s.

Temporal order

Temporal order was assessed on PID81-PID82. There were no differences in preference for the first object versus
the second between irradiated groups and Sham or between the CV group and FLASH groups. All groups
preferred the first object (chance = 15 s). Mean first object exploration times were: Sham: 18.0 + 1.4 s; FLASH-95:
16.9 + 1.4 s; FLASH-60: 18.1 £ 1.7 5; CV: 16.7 £ 1.4 5.

Straight channel swim training

Straight channel swimming was tested on PID83. There were no differences in swim latencies between irradiated
groups and Sham or between the CV group and FLASH groups. Mean latencies to reach the submerged platform
were: Sham: 11.0 £ 0.7 s; FLASH-95: 13.1 £ 0.8 s; FLASH-60: 11.1 £ 0.8 5; CV: 12.9 £ 0.7 s.

Scientific Reports |

(2025) 15:10602 | https://doi.org/10.1038/s41598-025-94534-9 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

a Acoustic
6000- *
=]
T 4000- = v
>  2000- o o
= I £
oA FeB1 14l I
S P2 S &
& & K
v.
24 Q\y.
b Tactile
*%k%
8000 =] *k
=}
S 6000 v
E v
x 4000+ v
£ =
> 20001 3]
v
c vIV
G’
(o‘(\

Fig. 4. Acoustic startle response (a) and tactile startle response (b) of irradiated and Sham rats. The FLASH-95
rats had increased ASR compared with the Sham rats, whereas the CV and FLASH-60 rats did not differ from
Sham rats. There were no differences between the CV rats and the FLASH rats (a). All irradiated groups had
increased TSR relative to the Sham group, but there were no differences between the CV and FLASH groups
(b). Startle responses were analyed by Dunnett’s and an irradiation x block (repeated) ANOVA for each pulse.
*p < 0.05, **p < 0.01, **p < 0.001. Because of nonresponses group sizes were for ASR: Sham = 18, FLASH-95 =
17, FLASH-60 = 16, and CV = 20 and for TSR: Sham = 20, FLASH-95 = 16, FLASH-60 = 15, and CV = 20.

Radial water maze

Rats were tested in the RWM from PID84-PID85. On both days, irradiated rats were not impaired compared
with the Sham group nor were there any differences between the CV and FLASH groups. Latency to find a
submerged platform increased over trials on day 1 [F(6, 334) = 22.54 p < 0.0001] and day 2 [F(6, 302) = 21.70, p
< 0.0001] as each found platform was removed. There were no significant interactions. Mean latencies to locate
a hidden platform across trials on Day 1 were: Sham: 17.0 £+ 1.6 s; FLASH-95: 12.5 + 1.7 s; FLASH-60: 15.2 +
1.85;CV:13.1 £ 1.6 s. On Day 2, mean latencies were: Sham: 14.3 £ 1.45; CV: 9.5 + 1.4 s; FLASH-60: 11.4 + 1.6 5;
FLASH-95:10.5 £ 1.5s.

Morris water maze-acquisition and reversal

The acquisition phase of the MWM was tested from PID86-PID92. There were no differences for latency to
the platform during acquisition (Fig. 6a) between the Sham and irradiated groups nor between the CV and
FLASH groups. All groups had decreased latencies to the platform over days [F(5, 273) = 103.10, p < 0.0001].
There was no interaction of irradiation x day. For path efficiency, however the CV (p < 0.05) and FLASH-60
(p < 0.03) groups were less efficient at locating the platform compared with Sham, while the FLASH-95 group
did not differ from Sham (Fig. 6b). No differences for path efficiency were found between the CV and FLASH
groups. All groups had increased path efficiency to the platform over days [F(5, 264) = 54.61, p < 0.0001]; there
was no irradiation x day interaction. On PID92 a probe trial for reference memory was given. There were no
differences between groups for average distance to the former platform site (Fig. 6¢), although the FLASH-60
group approached significance for being further from the platform on average (p < 0.06). No differences for
average distance were found between the CV and FLASH groups.

The reversal phase of the MWM was tested from PID93-PID99. The CV (p < 0.04) and FLASH-60 (p < 0.004)
groups took longer to locate the platform during reversal than the Sham group, with no difference between
the Sham and FLASH-95 groups (Fig. 6d). Overall, the rats located the platform faster over days [F(5, 282) =
51.42 p < 0.0001], with no interaction of irradiation x day. Similarly for path efficiency, the CV (p < 0.009) and
FLASH-60 (p < 0.002) groups were less efficient at locating the platform compared with Sham rats (Fig. 6e) with
the FLASH-95 group approaching significance (p < 0.06). Path efficiency increased over days in all groups [F(5,
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Fig. 5. Acoustic or light prepulse inhibition with ASR and TSR. Acoustic prepulse with ASR (a). Acoustic
prepulse with TSR (b, ¢); FLASH-95 and CV rats had greater responses than Sham rats, and there were

no differences between the CV and FLASH groups for ASR or TSR with the acoustic prepulse. Because of
nonresponses with acoustic prepulse group sizes were for ASR: Sham = 19, FLASH-95 = 18, FLASH-60 = 16,
and CV = 20 and for TSR: Sham = 21, FLASH-95 = 18, FLASH-60 = 16, and CV = 21. Light prepulse with ASR
(d); FLASH-95 rats had greater responses at 400 ms compared with the Sham and CV rats. Light prepulse with
TSR (e, f); FLASH-95 rats had greater responses than Sham overall. There were no differences between the CV
and FLASH groups for ASR or TSR following the light prepulse (e). An interaction between irradiation and
delay interval was observed such that the FLASH-95 and CV rats had higher zero-second responses and the
FLASH-95 rats had higher responses at 400 ms compared with Sham (f). Startle responses were analyed by
Dunnett’s and an irradiation x prepulse type (repeated) ANOVA for each pulse. Because of nonresponses with
light prepulses group sizes were for ASR: Sham = 19, FLASH-95 = 17, FLASH-60 = 16, and CV = 21and for
TSR: Sham = 21, FLASH-95 = 18, FLASH-60 = 16, and CV = 21. *p < 0.05, **p < 0.01 versus Sham.

288) = 44.39, p < 0.0001], but there was no interaction of irradiation x day. For latency and path efficiency, there
were no differences between the CV group and FLASH groups. On PID99 a probe memory trial was given and
there were no differences between the Sham and irradiated groups nor between the CV and FLASH groups
(Fig. 6f).

Cincinnati water maze-configuration A

The CWM-A was run from PID100-PID123. For latency to escape, all the irradiated groups were slower than the
Sham groups (Fig. 7a: CV: p < 0.005; FLASH-60: p < 0.004; FLASH-95: p < 0.03), and there were no differences
between the CV and FLASH groups. All rats found the platform faster over days, [F(23, 1543) = 9.94, p < 0.0001:
Fig. 7b]; there was an interaction of irradiation x day [F(69, 1590) = 1.36, p < 0.03]. On day-9 through 18 and
again from day-20 to 23, the CV and FLASH-60 groups were slower to reach the platform than the Sham group.
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Fig. 6. Morris water maze acquisition (Acq: a—c) and reversal (Rev: d-f). Acquisition latency over days (a).
There were no differences for latency. Path efficiency was lower in the FLASH-60 and CV groups compared
with the Sham group (b). There were no differences during the acquisition probe trial (c). Reversal latency over
days (d); there were no group differences for latency. Similar to acquisition, the FLASH-60 and CV groups
were less efficient than the Sham group on reversal, whereas the FLASH-95 group did not differ from Sham
controls (e), but there were no differences during the reversal probe trial (f). No differences were found during
Acq or Rev between the CV rats and the FLASH rats. MWM data were analyed by Dunnett’s and an irradiation
x day (repeated) ANOVA for each phase. Sham = 21, FLASH-95 = 18, FLASH-60 = 16, and CV = 21. *p < 0.05,
**p < 0.01 versus Sham.

The FLASH-95 rats were slower to reach the platform on day-11 through 18 and again on Day-20 through 23
compared with the Sham group.

For errors all irradiated groups made more errors compared with the Sham group (Fig. 7c: CV: p < 0.006;
FLASH-60: p < 0.004; FLASH-95: p < 0.03), but no differences were found between the CV and FLASH rats.
All rats made fewer errors over days, [(F(23, 1542) = 10.58, p < 0.0001: Fig. 7d]; there was an interaction of
irradiation x day [F(69, 1590) = 1.43, p < 0.02]. The CV and FLASH-60 groups made more errors on day-7 to
day-20 as well as day-22, compared with the Sham group. The FLASH-95 rats made more errors on day-7, day-11
to day-13, day-15 to day-18, day-20 and day-22 compared with the Sham rats.
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Fig. 7. The Cincinnati water maze, CWM-A latency (a, b) and errors (¢, d). All irradiated groups took longer
to locate the platform (a) and had more errors (¢) compared with the Sham group. There were no differences
in latency or errors between the CV group and the FLASH groups. The latency (b) and errors (d) over days for
each group. CWM data were analyed by Dunnett’s and an irradiation x day (repeated) ANOVA. Sham =21,
FLASH-95 = 18, FLASH-60 = 16, and CV = 21. *p < 0.05, **p < 0.01 versus Sham.

Morris water maze-shift and shift reversal

The shift phase of the MWM was tested from PID138-PID144, 52 days after the first MWM test. All irradiated
groups (p < 0.0001) were slower to reach the platform compared with the Sham group, but there were no
differences between the CV rats and the FLASH rats. Latencies decreased over days for all groups [F(5, 266) =
29.28, p < 0.0001: Fig. 8a]. The interaction was not significant. Similarly, all irradiated groups (p < 0.0001) had
a lower path efficiency compared with the Sham group with no difference between the CV group and FLASH
groups (Fig. 8b). Path efficiency increased over days for all groups [F(5, 288) = 29.14, p < 0.0001]; there was no
interaction between irradiation x day. During the probe trial, the CV (p < 0.01) and FLASH-95 (p < 0.02) rats
were on average further from the former platform site than the Sham rats, whereas the FLASH-60 rats only
approached significance (p < 0.06) Fig. 8c. There were no differences between the CV rats and FLASH rats
during the probe trial.

The shift reversal phase was tested from PID145-PID151. A similar pattern compared with the Shift phase
emerged. All irradiated groups (p < 0.0001) were slower to reach the platform compared with the Sham group,
but there were no differences between the CV and FLASH groups. Latencies decreased over days for all groups
[E(5,286) =27.67, p < 0.0001: Fig. 8d]. The interaction was not significant. All irradiated groups (p < 0.0001) had
lower path efficiencies compared with the Sham group, Fig. 8e. Path efficiency increased over days for all groups
[E(5, 282) = 24.68, p < 0.0001] and irradiation interacted with day [F(15, 317) = 1.78, p < 0.04]. Across days,
all irradiated groups performed below the Sham group (not shown). During the probe trial, the CV (p = 0.01),
FLASH-60 (p < 0.0005), and FLASH-95 (p < 0.0009) rats were on average further from the former platform site
than Sham rats (Fig. 8f). There were no differences between the CV rats and FLASH rats during the probe trial.

Morris water maze-cued
The cued phase of the MWM was run from PID152-PID153. All irradiated rats (p < 0.0001) took longer to locate
the cued platform than the Sham group, and there was an interaction of irradiation x day [F(3, 72) = 9.87, p <

Scientific Reports |

(2025) 15:10602 | https://doi.org/10.1038/s41598-025-94534-9 nature portfolio


http://www.nature.com/scientificreports

www.nature.com/scientificreports/

O Sham & FLASH-95 & FLASH-60 ¥+ CV

a &

120 Shift Latency d Shift Reversal Latency

1201

% 100 3 100]

‘_>’~ 80; 5 80+

g 60 S 60]

20 20.
———— g =

1 2 3 4 5 6 1 2 3 4 5 6
Days Days
b .. - €. _
Shift path efficiency Shift-Rev path efficiency
0.8+
Iy *k%k > 0.7 -
5 w 5 0.6 Y
A4
o v 'S gi- o *kk *kk  Jv
b= b= -4 M
o = o 3] o8 4.
3 jv_ = 0.24 425
& i g 0:1_ og m ;';:
I 0.0 T T T T
S S L ¢
OGS
v.
{(\Y' <
C Shift probe f Shift-Rev probe
E 44 E 14 Skk o ek
(] * *% Q v
= 1.21 5 v
2 1.0 e yvv
£ v £ vy
o 08' AA vy e I
':- 0.6+ B r;_A vvv "— y ;v‘
o 0.4 =1 v k2 4
S 02 | | o 2
< e s & < :
'§° Q\Q Q\b © )
F & P
oY

Fig. 8. Morris water maze shift (a—c) and shift reversal (d-f). Shift latency over days (a); all irradiated groups
had significantly longer latencies than Sham controls. Path efficiency was lower in all irradiated groups
compared with the Sham group (b). The CV and FLASH-95 groups were further from the platform on average
compared with the Sham group on the probe trials (c). Reversal latency over days (d); all irradiated groups
had significantly longer latencies than Sham controls. For shift reversal, all irradiated groups were less efficient
than the Sham group (e), and they were further from the platform during the probe trial compared with the
Sham group (f). During the shift and shift reversal phases, there were no differences between the CV rats and
the FLASH rats. MWM data were analyed by Dunnetts and an irradiation x day (repeated) ANOVA for each
phase. Sham = 21, FLASH-95 = 18, FLASH-60 = 16, and CV = 21. *p < 0.05, **p < 0.01, ***p < 0.001 versus
Sham.

0.0001: Fig. 9a]. All irradiated groups were slower to reach the platform than the Sham group, and the FLASH-95
group was faster than the CV group with no difference between the CV and FLASH-60 rats. The effect of day
approached significance (p < 0.06).

Cincinnati water maze-B (CWM-B)
The CWM-B is a mirror image version of the CWM-A and was tested from PID154-PID163. For latency to the
platform, all groups performed similarly and improved over days [F(9, 558) = 16.91, p < 0.0001: Fig. 9b]. There
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Fig. 9. Cued Morris water maze (a) and CWM-B latency (b) and errors (c). All irradiated groups took longer
to locate the cued platform (a) and on Day 2 the FLASH-95 rats found the platform faster than the CV rats.
There were no differences in the CWM-B latency (b) or errors (c) compared with the Sham group. MWM and
CWM data were analyed by Dunnett’s and an irradiation x day (repeated) ANOVA. Sham = 21, FLASH-95 =
18, FLASH-60 = 16, and CV = 21. **p < 0.001 vs Sham, ** vs CV.

was no interaction of irradiation x day. Similarly, for errors there were no differences between the irradiated rats
and the Sham group nor the CV rats and FLASH rat. Errors decreased over days [F(9, 558) = 17.70, p < 0.0001:
Fig. 9c]. There was no interaction.

Novel object recognition

The final test was NOR on PID164. Due to an error, two rats in the Sham group were not tested leaving 19
rats in this group. There were no differences in exploration of the novel object between the groups. Except for
the FLASH-60 group, all groups explored the novel object near or above chance (7.5 s). Mean novel object
exploration times were: Sham: 9.2 + 1.5 s; FLASH-95: 9.6 + 1.6 s; FLASH-60: 6.6 + 1.7 s; CV: 7.7 + 1.5 s.

Protein analyses

At the end of behavioral assessment, the hippocampus and neostriatum were dissected and analyzed for
a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor (AMPA), N-methyl-D-aspartate receptor 1
(NMDA-NRI1), and NMDA-NR2 (Fig. 10a—c) were assayed in the hippocampus and dopamine receptor D1
(DRD1) and tyrosine hydroxylase (TH) (Fig. 10d-e) were assayed in the neostriatum. In the hippocampus,
the FLASH-95 group had lower levels of AMPA (p < 0.03), and in the neostriatum lower levels of DRD1 (p =
0.05) and TH (p < 0.04) compared with the Sham group (Fig. 10a, d, and e, respectively), while there were no
differences for the CV and FLASH-60 groups for these measures compared with the Sham group. There were no
differences for NMDA-NR1 or NMDA-NR2 (Fig. 10b and c) between any of the irradiated groups and Sham in
the hippocampus. For the comparisons between the CV and FLASH groups, there were no differences, although
the FLASH-95 group approached significance with lower levels of AMPA (p < 0.06).

Experiment 2 cytokine analysis

Interferon gamma (IFN-y), interleukin 10 (IL-10), IL-13, IL-1p, IL-4, IL-5, IL-6, keratinocyte chemoattractant/
human growth-regulated oncogene (KC/GRO or CXCL1), and tumor necrosis factor a (TNF-a) were assayed on
PID2 or PID7 in the hippocampus (Fig. 11) and neostriatum (Fig. 12) with 5 rats/group.

For IFN-y there were no differences between the irradiated rats and the Sham rats. There was only a significant
effect of brain region with the hippocampus (Fig. 11a) having greater levels than the neostriatum (Fig. 12a) [F(1,
32) = 239.97, p < 0.0001].

For IL-10 the hippocampus (Fig. 11b) had greater levels than the neostriatum (Fig. 12b) [F(1, 32) = 319.34,
p < 0.0001], and the irradiation X region x day interaction was significant [F(3, 32) = 3.17, p < 0.04]. On PID2
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Fig. 10. In the hippocampus, AMPA (a), NMDA-NR1 (b), and NMDA-NR2 (c) were assessed by ELISA.
The FLASH-95 rats had reduced AMPA levels compared with the Sham group. In the neostriatum, DRD1 (d)
and TH (e) were also assessed by ELISA. The FLASH-95 rats had reduced DRD1 and TH compared with the
Sham group. ELISA data were analyzed by ANOVA for each neurochemical. Sham = 9-11; FLASH-95 = 7-9;
FLASH-60 = 5-8; CV = 9-11. *p < 0.05 versus Sham.

the CV rats had decreased IL-10 in the neostriatum compared with the Sham rats and with the FLASH-95 rats.
No other differences were found.

For IL-13 the hippocampus (Fig. 11c) had greater levels than the neostriatum (Fig. 12¢) [F(1, 32) = 284.05,
p < 0.0001], and irradiation x region x day interaction was significant [F(3, 32) = 2.98, p < 0.05]. None of
the irradiated groups differed from Sham rats in either region on either day, however the FLASH-95 rats had
increased IL-13 compared with the CV rats on PID2 (p < 0.03).

For IL-1f the hippocampus (Fig. 11d) had greater levels than the neostriatum (Fig. 12d) [F(1, 32) = 363.03, p
< 0.0001], and the irradiation x region x day interaction was significant [F(3, 32) = 2.89, p = 0.05]. None of the
irradiated groups differed from the Sham group in either region on either day. The FLASH groups had greater
levels of IL-1p in the neostriatum on PID2 compared with the CV group (p < 0.02).

For IL-4 there were no differences between the irradiated rats and the Sham rats, nor the CV rats from the
FLASH rats. The hippocampus (Fig. 11e) had higher levels than the neostriatum (Fig. 12e) [F(1, 32) = 379.81, p
< 0.0001]. No other differences were detected.
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Fig. 11. Cytokines in the hippocampus of Sham, FLASH-95, FLASH-60, and CV rats either 2 or 7 days after
irradiation. Cytokine data were analyzed with an irradiation x day x region (repeated measure) ANOVA for
each cytokine. Cytokines assayed were: IFN-y (a), IL-10 (b), IL-13 (c), IL-1p (d), IL-4 (e), IL-5 (f), IL-6 (g),

KCGRO (h), and TNF-a (i). N = 5/group/day. * p < 0.05 versus Sham # p < 0.05 versus CV.

For IL-5 the hippocampus (Fig. 11f) had greater levels than the neostriatum (Fig. 12f) [F(1, 32) = 270.81, p
< 0.0001], and irradiation X region x day interaction was significant [F(3, 32) = 3.25, p < 0.04]. However, none
of the irradiated groups differed from the Sham rats in either region or on either day. Similarly, there were no
differences between the CV rats and the FLASH rats.
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Fig. 12. Cytokines in the neostriatum of Sham, FLASH-95, FLASH-60, and CV rats either 2 or 7 days after
irradiation. Cytokine data were analyzed with an irradiation x day x region (repeated measure) ANOVA for
each cytokine. Cytokines assayed were: IFN-y (a), IL-10 (b), IL-13 (c), IL-1p (d), IL-4 (e), IL-5 (f), IL-6 (g),
KCGRO (h), and TNF-a (i). N = 5/group/day. * p < 0.05 versus Sham # p < 0.05 versus CV.

For IL-6 the hippocampus (Fig. 11g) had greater levels than the neostriatum (Fig. 12g) [F(1, 32) = 203.50, p
<0.0001], and there was an irradiation x region x day interaction [F(3, 32) = 3.04, p < 0.04]. The FLASH-95 rats
had greater IL-6 compared with the Sham rats and the CV rats in the hippocampus on PID7. There were no other
differences between the Sham rats or the CV rats.
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For KC/GRO the hippocampus (Fig. 11h) had greater levels than the neostriatum (Fig. 12h) [F(1, 32) =
57.27, p < 0.0001], and there were irradiation x day [F(3, 32) = 4.77, p < 0.008] and irradiation x region x day
interactions [F(3, 32) = 2.99, p < 0.05]. For the analysis of irradiation x day effect, the FLASH-95 rats had greater
KC/GRO on PID7 compared with the Sham group and greater levels on both days compared with the CV
group. For the analysis of the irradiation x region x day effect, the FLASH-95 rats had greater KC/GRO in the
hippocampus and neostriatum on PID7 compared with the Sham rats, whereas the CV rats had greater levels in
the neostriatum only on PID7 compared with the Sham rats. No other differences were detected.

For TNF-a the hippocampus (Fig. 11i) had greater levels than the neostriatum (Fig. 12i) [F(1, 32) = 254.45,
p <0.0001], and there was an irradiation x region x day interaction [F(3, 32) = 3.02, p < 0.05]. The FLASH-95
rats had greater TNF-a compared with the Sham and CV rats in the neostriatum on PID2. The FLASH-60 rats
had greater TNF-a compared with the CV rats in the neostriatum on PID2. There were no other differences.

Discussion

The assessment of cognitive dysfunction in rodents requires examination of numerous cognitive domains similar
to how testing in humans is done. In this regard, we selected a range of cognitive tests that assessed working,
reference, egocentric, and recognition learning and memory, executive function, preattention, as well as tests of
general health such as locomotor exploration and startle to better understand the impact of cranial irradiation
with protons at conventional and FLASH dose rates on the rodent brain. With the exception of cued platform
in the MWM, the FLASH groups performed similarly to the CV groups on the behavioral outcomes showing
impairment relative to Shams.

The FLASH-60 group of rats had greater mortality than the other groups, and most of the deaths occurred
within 3 weeks of irradiation. The underlying mechanism for this is unknown. All irradiated groups had a
similar decrease in body weights within a week of exposure, with some rebound observed over the following
2 weeks. Since all irradiated groups were similar in weight, lack of food intake is unlikely to explain the higher
mortality rate in the FLASH-60 group. To determine if the increased mortality could be replicated, a new set of
rats from the same supplier was irradiated with either 18 Gy CV or FLASH-60 (n = 12/ group) and mortality
measured through PID60. The FLASH-60 increase in mortality was not reproducible since only one FLASH-60
rat died compared with no deaths in the CV group. The cause of this difference in mortality in the main study
was unknown and not reliable. While there may be some concern that a survivor bias occurred in the main study
FLASH-60 group, the similarity in most of the behavioral outcomes for the FLASH groups suggest otherwise.

Increases in startle responses were observed for the acoustic stimulus in the FLASH-95 rats and for the
tactile stimulus in all irradiated rats compared with Sham controls. The pathway for acoustic startle begins at the
cochlear root neurons that project to giant neurons in the caudal pontine reticular nucleus that in turn synapse
onto motor neurons?®. While disruption of this pathway results in a decreased startle response, the significance
of an increased response is unknown, however it may involve the inferior colliculus which can modulate the
magnitude of the startle response. For example, lesions of the inferior colliculus result in increased acoustic
startle responses in mice 7 and 14 days after the lesion?. Lesions of the inferior colliculus in rats inhibited
prepulse inhibition, i.e., the lesioned rats had greater responses, i.e., less inhibition®. The use of the collimator
in this study may have spared the direct startle reflex pathway, since brainstem regions would have had reduced
radiation exposure in the present experiment, but it may still have had effects on the inferior colliculus. Further
experiments are required to determine if the inferior colliculus is mediating the increased startle after proton
irradiation.

Hippocampal mediated spatial learning and memory dysfunction was seen in all irradiated groups with no
sparing by FLASH at 18 Gy. During the acquisition and reversal phases in the MWM, none of the irradiated rats
differed from Sham rats in latency to reach platform, however the CV and FLASH-60 rats did show reduced path
efficiency. It appeared that the FLASH-95 group had sparing of spatial learning and memory deficits caused by
proton exposure compared with the Sham group, but there was no statistically significant difference between the
FLASH-95 and CV groups. When these rats were tested weeks later in the shift and shift reversal phases of the
MWM, significant deficits in latency to the platform and path efficiency were observed in all irradiated groups
compared with Sham rats. Hippocampal damage reliably produces deficits in spatial learning and memory>"*2.
The hippocampus is also known to be radiosensitive, and whole brain irradiation with protons affects hippocampal
function as demonstrated by deficits in the MWM?® and neither of the FLASH groups demonstrated signs of
sparing on this test. Interestingly, the hippocampus is also important for novel object recognition®?, and mice
treated with whole brain electron irradiation showed less severe deficits in NOR and related tests of novelty
after FLASH versus conventional dose-rate treatment!>!>-17-?’, However, with protons in rats no deficits in NOR
were seen after FLASH or conventional dose rates>!°. One of the biggest differences between the mouse and rat
studies is that the time with the objects during familiarization was controlled for in the rat studies (i.e., 30 s), but
varied in the mouse studies that did not include a control for time spent with objects. This is relevant because
Clark, et al.** showed that novelty begins to wane within ~ 10 s of object exploration, therefore novelty tests only
provide a limited assessment of learning ability and is predicated on an inherently fleeting tendency to notice
something new in the environment for a few seconds before it becomes background. Whereas tests such as the
MWM require learning over days and trials and provide a learning curve to determine rate of learning as well as
the level of learning, including memory of that learning over time. The large impairments in the MWM and lack
of a deficit in NOR suggests that NOR is not very sensitive for assessing learning after brain irradiation.

The CWM was used to assess egocentric learning and memory. When the CWM is run under infrared
lighting, learning is largely dependent on the striatum, especially dopaminergic cells within this region®*-%¢. The
striatum has neurons sensitive to boundaries called egocentric boundary neurons®, and this constitutes evidence
for striatal involvement in egocentric learning. In this study, two configurations of the CWM were used. In the
CWM-A, all irradiated rats performed worse than Sham controls with comparable impairments to previous
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studies of rats treated with cranial irradiation with protons when tested as adults or after P11 exposure>!°.

However, no sparing from learning impairment was found in the FLASH groups in the present study or in the
P11 study in the CWM-A'"". However, in the P11 study a sparing effect of FLASH was observed in the CWM-B
after 5 Gy cranial irradiation. Based on the learning curve of CWM-B from the P11 study, rats in this study were
tested for 10 days as well, but no differences in performance were observed between irradiated rats and Sham
rats. Examination of the learning curves for CWM-A shows progressive improvements in performance from
day-1 through day-10, then performance improved again around day-16 (Fig. 7b). The learning curve during
the CWM-B showed steady improvement from day-1 to day-6, but then plateaued with no further improvement.
Therefore, longer testing in the CWM-B may be required to detect effects since asymptotic performance was
not reached. Alternatively, it may be that differences in protocols for cognitive testing, the timing of exposure
to proton irradiation, or other factors were responsible for the lack of effect in the CWM-B. Consistent with
the changes in the neostriatum, locomotor behavior was impaired in the irradiated groups, further supporting
injury to the neostriatum after 18 Gy without sparing by FLASH.

The mechanism for the deficits following whole brain irradiation is unknown but it has been suggested to
be related to neuroinflammation. In this study, radiation treatment did not result in any clear pattern of change
in proinflammatory cytokine concentrations in the hippocampus or neostriatum at the two timepoints tested, 2
and 7 PID. Significant changes observed compared with Sham include a reduction in IL-10 at PID2 and increase
in KC/GRO at PID7 in the neostriatum of the CV group compared with Sham. The FLASH-95 rats had increased
IL-6 in the hippocampus and KC/GRO in the hippocampus and neostriatum at PID7, and increased TNF-a
at PID2 in the neostriatum compared with Sham. No differences were noted between the FLASH-60 rats and
Sham for any of the cytokines. While there were a number of cytokine differences between the CV and FLASH
groups (Fig. 11 and 12), the lack of behavioral differences between the CV and FLASH groups makes it difficult
to understand the significance of these changes. In contrast to the current study, increases in IL-1f, TNF-a and
KC/GRO were reported in studies of mice treated with cranial electron irradiation compared with unexposed
controls regardless of the dose rate, and IL-4 and IL-6 were increased only in mice that received a conventional
dose rate compared with FLASH treated or untreated mice”. In the present study, only the FLASH-95 group
had changes in TH, DRD1, and AMPA compared with the Sham rats. This is in contrast with prior data on adult
rats treated with cranial irradiation with protons at a conventional rate, in which TH levels in the neostriatum
decreased after 14 Gy and DRD1 decreased after 17 Gy®. Despite the observed differences in the effect of cranial
irradiation on neurochemical levels in these two studies, many of the behavioral outcomes were similar. It is
unclear why disparate neurochemical changes were observed among groups with similar behavioral outcomes,
but this finding suggests that other factors such as changes to synaptic plasticity or structure may be responsible
for the behavioral changes observed after cranial irradiation'”".

One limitation of this study is the use of only male rats; female rats may have different responses than males.
Another limitation is the use of a single radiation dose. We selected 18 Gy as a dose that would yield behavioral
deficits, and this dose is likely above the threshold to unmask a protective effect of FLASH, consistent with
an upper threshold of 12-14 Gy from the murine studies using electrons'>!6. A study with a range of doses
at different dose rates would be ideal but is challenging because of the complexity and resources needed for
the battery of cognitive testing used here. The treatment technique used in this study may also have affected
the results. Rats were treated with a single posterior-anterior transmission beam exposing the whole brain but
also treating the entire oral cavity and most of the oropharynx. This treatment is known to cause mucositis
which likely contributed to the significant weight loss experienced by all treated rats in both FLASH and CV
groups, and this mucositis and weight loss may be a complicating factor in this study that was not present in
studies of electron FLASH in mice. Lastly, while we were mostly concerned with cognitive effects, other types of
behavioral domains could be assessed such as anxiety and depression-related behaviors. Examination of release
of neurochemicals or synaptic plasticity may provide further insight into the behavioral deficits observed herein.

In conclusion, these data demonstrate that in addition to the hippocampus, the neostriatum and potentially
the inferior colliculus are regions of the brain that are sensitive to radiation. FLASH treatment in this study
did not result in reduced cognitive toxicity after 18 Gy cranial proton irradiation. It is unclear if this is due
to radiobiological differences between protons and electrons, utilization of a dose outside of the therapeutic
window, confounding effects of weight loss, or other factors. Future studies should address these variables while
including a range of assessments of behavioral domains as was done here to better characterize the effects of
proton radiotherapy and the FLASH effect.

Materials and methods

Subjects were Sprague Dawley CD, IGS male rats (strain #001, Charles River, Raleigh, NC) that arrived on P60
and were initially pair-housed in polysulfone cages (46 cm x 24 cm X 20 cm) in the Alternative Design (Siloam
Spring, AR) MACS Flex-air wall mount system with HEPA filtered air supplied at 30 air changes/h and reverse
osmosis filtered, UV purified water provided from a Lixit system (SE Lab Group, Napa, CA) at the Cincinnati
Children’s Hospital Medical Center (CCHMC) vivarium that is AAALAC International-accredited and pathogen
free. Rats were treated in accordance with protocols approved by the CCHMC Institutional Animal Care and Use
Committee protocol # 2020-0017. All experiments were performed in accordance with relevant guidelines and
regulations and adhered to ARRIVE guidelines. For proton irradiation, rats were transported to the Cincinnati
Proton Therapy Center’s vivarium four days prior to exposure and housed in PET plastic cages (43 cm x 34 cm
x 20 cm) with an Innocage external bottle system (Innovive, San Diego, CA). All cages contained woodchip
bedding, a stainless-steel hut for enrichment®®, and had ad libitum access to NIH-07 rat chow (LabDiet #5018,
Richmond, IN). Temperature (21 + 1 °C), humidity (50 + 10%), and light-dark cycle (14:10 h, lights on at
600 h) were automatically regulated. Rats were returned to the CCHMC vivarium three days after irradiation
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Fig. 13. Experimental setup with continuous anesthesia and the collimator in place. The gantry-mounted laser
alignment system is visible for irradiation guidance.

and housed as described above with all rats in the same room and positioned on the holding rack in a counter-
balanced fashion.

Proton irradiation groups

A random number table was used to determine group membership for each cohort of rats, and rats were
individually identified by ear-punch prior to irradiation. There were 3 groups that had cranial irradiation at
18 Gy protons delivered at a conventional dose rate of 1 Gy/s (CV) or FLASH dose rates of 60 Gy/s (FLASH-60)
or 95 Gy/s (FLASH-95), with sham treated controls for comparison (Sham: anesthetized with isoflurane and
placed under the beam nozzle but not irradiated). For the behavioral study, there were 11 cohorts of rats that
were irradiated with at least 2 rats from each group represented in each cohort. A total of 22 rats were irradiated
in each group except for the FLASH-60 group that had 26 rats irradiated. For the cytokine study, there were 2
cohorts of rats with 6 rats per group per cohort of which 5 per group were used for cytokine assessment (48
total rats). The ProBeam Pencil Beam Scanning Gantry (Varian Medical Systems, Palo Alto, CA, USA) was
used to deliver a monoenergetic, single-layer posterior-anterior transmission radiation field, such that the entire
head and brain were irradiated with the entrance region of the Bragg peak. FLASH dose rates were delivered
at 250 MeV, while conventional dose rates were delivered at 245 MeV. Details of proton delivery, dosimetry,
and monitoring are as described®. Rats were anesthetized with 2-4% isoflurane mixed with room air using the
SomnoSuite system (Kent Scientific, San Diego, CA). Once anesthetized, rats were placed in a prone position
in a stereotaxic-like rig with a tooth bar, anesthesia nose cone, and brass collimator above to reduce proton
transmission to regions outside of the head (Fig. 13). Field flatness, symmetry, and location were quality assured
using gafchromic film prior to irradiation. Absolute doses and dose rates were calibrated using a NIST-traceable
parallel plate ionization chamber. Dose calculation data using ionization chambers were performed using
the dose-to-water formulism as reported in the IAEA TRS 398. All doses reported are physical doses and no
corrections were made for relative biological effectiveness. The absolute dose and dose rate tolerances were 3%
and 5%, respectively. The methodology of measuring doses in an ultra-high dose rate environment was validated
using independent dose-rate invariant detectors®®. The dose is measured for each irradiation of each rat using
a parallel-plate ion chamber and electrometer. The dose rate is calculated using the ratio of the measured dose
and the irradiation time from the machine log files. This dose rate is the field dose rate and is the nominal dose
rate. Additionally, a voxel-based dose rate calculation is also reported, as the PBS dose rate’. The nominal dose
rate of 60 Gy/s coincides with a PBS dose rate of 100 Gy/s, and the nominal dose rate of 95 Gy/s coincides with
a PBS dose rate of 160 Gy/s. Since the FLASH radiation biology field has not settled on a consensus dose rate
definition, both dose rates are reported. For this study, the proton beam is generated using a cyclotron operating
at 72 MHz. This results in negligible intra-pulse dose rate and inter-pulse time structures. This beam structure
is very unlike electron beams, for which time between pulses and intra-pulse dose rate is quite significant, and
potentially FLASH-effect altering. Using the spot scanning delivery, the entire cranium including the whole
brain was uniformly irradiated with a spot pattern that corresponds to a rectangular 2.5 cm x 3.0 cm field. The
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gantry-mounted laser alignment system was used to localize the brain of each rat using anatomical landmarks,
such that the inferior edge of the field and the inferior/posterior edge of the rat brain were aligned. For the
purposes of this study, the dose rates reported are defined as the total dose divided by the total irradiation time,
knowing that the instantaneous dose rates are 5-8 times higher.

After exposure, rats recovered from anesthesia prior to being returned to their home cage. Napa Nectar
pouches (Systems Engineering Lab Group, Napa, CA) were supplied in cages as a secondary source of hydration
until PID60.

Experiment one: behavioral assessment

The behavioral test battery started on PID7 (Fig. 1). Rats were tested in an open field until PID63 once every
other week followed by acoustic and tactile startle habituation and prepulse inhibition (PPI) beginning on
PID64. Rats were then tested in novel object recognition (NOR), object in place (OIP), and temporal order
(TO). Water maze testing followed with straight channel swim training first and then radial water maze (RWM),
Morris water maze (MWM) acquisition and reversal, Cincinnati water maze (CWM-A), MWM shift, shift
reversal, and cued, CWM-B (mirror image version), and NOR. Rats were tested in the Animal Behavior Facility
(RRID:SCR_022621) at CCHMC by personnel who were blinded to group membership.

Open field

On PID7, 21, 35, 49, and 63 rats were tested in open field for exploratory behavior for 60 min in PAS activity
system (41 cm x 41 cm: San Diego Instruments (SDI), San Diego, CA) as described*!. Beam-break data were
recorded from an array of 16 x 16 infrared beams in 5 min intervals. Dependent measures were total and center
ambulation with ambulation measured as two or more consecutive beam breaks.

Acoustic and tactile startle responses

ASR and TSR were measured the day after open-field on PID64 in SR-LAB system inside sound-attenuating test
chambers (SDI) as described*. Rats were placed in acrylic cylindrical holders (SDI large enclosure) mounted
on a platform with a piezoelectric accelerometer attached underneath. The test chamber light and fan (55 dB
background noise) were turned on and the rats were adapted 5 min prior to testing. For ASR the pulse was a
20 ms, 120 dB SPL mixed frequency white noise burst (rise time 1.5 ms). For TSR the pulse was a 20 ms, 60
psi air-puff directed at the dorsum of the rat through plastic tubing. The recording window began at the onset
of the pulse and lasted 100 ms. Rats were given 5 acoustic (120 dB) trials alternating with 5 tactile (60 psi)
trials for a total of 50 trials of each type. Movement detected at the start of each trial was subtracted from the
maximum startle amplitude (V,__) to eliminate non-startle movement artifacts. AV_ <95 mV was considered
a nonresponse for that trial and the data were excluded. The dependent variable was V| measured in mV.

Acoustic prepulse inhibition of startle

On PIDG65 rats were tested for ASR and TSR, using the same conditions as above, except there was an acoustic
prepulse prior to the acoustic or tactile pulses as described*. Briefly, the prepulses were 0, 59, 70, 80, or 93 dB
SPL mixed frequency white noise burst that preceded the pulse by 70 ms from onset to onset and each prepulse
lasted 20 ms. Rats received a 10 x 10 Latin square sequence of 5 trial types for ASR alternating with TSR and this
was repeated twice. There were 20 trials of each prepulse and pulse combination. If the unmodified V. _<95mV
for a block of 5 trials, then data for all trials of that type (ASR or TSR) within that block were removed from the
analyses. V__was the dependent measure.

Light prepulse inhibition of startle

On PID66 rats were tested for ASR and TSR PPI as above, with two exceptions: (1) house lights were off at
the beginning of the test and (2) before the acoustic or the tactile pulse there was a light prepulse presented at
interstimulus intervals of 0, 30, 70, 100, or 400 ms before the pulse as described®. An LED array of high intensity
lights (SDI) provided approximately 1110 + 17 Ix (mean + SEM) visible light prepulse measured at the level of
the animal holder with a light meter (Extech Easyview 33, Boston, MA). A 10 x 10 Latin square of each prepulse/
pulse type was repeated until 20 trials of each were obtained. If the unmodified Vmax < 95 mV for a block of 5
trials, then data for all trials of that type (ASR or TSR) within that block were removed from the analyses. V,
was the dependent measure.

X

Novel object recognition

On PID67-68 NOR was tested in acrylic AnyBox apparatus (40 cm x 40 cm x 40 cm high: Stoelting Co., Wood
Dale, IL) with a camera mounted above attached to a computer with Any-maze software to track movement
(Stoelting Co.) as described®. On PID67 each rat was habituated to the empty AnyBox for 10 min. On PID68
rats were placed in the test arena with four identical objects, one in each corner. Exploration of objects was
scored when rats were within 1 cm of an object. Rats had to accumulate 30 s of object exploration during the
10 min familiarization phase to be tested for retention 5 min later®*. For the retention phase, 3 copies of the
familiarization objects and 1 novel object were placed in the corners of the AnyBox. Rats were again required
to obtain 30 s of cumulative object exploration within 10 min. During familiarization and retention, most rats
obtained 30 s of cumulative exploration in under 2 min. The dependent variable was novel object exploration
time. Chance performance was 7.5 s.

Object in place
On PID74 rats were tested for object in place!?. The apparatus and procedures were the same as NOR with
the following exceptions. During the familiarization phase there were 4 different objects, rather than identical
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objects, one in each corner as before. The retention phase began 5 min after familiarization. For the retention
phase, all objects were replaced with a copy and additionally two of the object positions were switched. During
familiarization and retention, most rats obtained 30 s of cumulative exploration in 2-3 min. The dependent
variable was novel position exploration time. Chance performance was 15 s.

Temporal order

On PID81-82 rats were tested for TO (Montay-Gruel et al., 2019). The apparatus and procedures were similar
to NOR with the following exceptions. On PID81, rats were placed in the arena with only 2 identical objects
until 30 s of exploration was reached (familiarization-1). One hour later, rats were placed back in the chamber
with two different identical objects. Rats were tested until 30 s of object exploration occurred. On PID82, the
test day, rats were placed in the arena with a copy of one object from familiarization-1 and one object from
familiarization-2. Rats were removed from the arena after 30 s of cumulative object exploration. The dependent
variable was exploration time of the object from familiarization-1. Chance performance was 15 s.

Straight channel

On PID83 rats were tested for straight channel swimming. The channel was 244 cm long x 15 cm wide x 50 cm
deep and filled halfway with water (21 £ 1 °C) with a submerged (~ 1-2 cm) escape platform at one end as
described’. Rats received 4 consecutive trials with a trial limit of 2 min. Each trial started with the rat placed in
the water facing the wall opposite the escape platform. The straight channel swim teaches rats that escape from
water is possible and is required for successful CWM performance. The dependent measure was latency to reach
the platform.

Radial water maze

From PID84- PID85, rats were tested in the RWM as described with modification**. The maze was a 210 cm
diameter black polyethylene tank with 8 arms that were 55 cm long and 17 cm wide and filled halfway with water
(21 £ 1 °C). Posters were mounted on the walls. On the first trial of each day, all arms had submerged platforms
at the end of the arms. Rats were started in the center and had 7 trials/day (limit 2 min/trial to locate a platform).
Rats were removed after finding a platform and placed in a cage for 30 s. The found platform was removed and
the next trial started. An entry into an arm without a platform was an error. Errors were defined as when the
head and forelimbs crossed an imaginary line at the entrance of an arm. The average latency to find a platform
on all trials was < 14 s. The dependent measures were latency to the platform and errors.

Morris water maze-acquisition and reversal

From PID86- PID99 rats were tested in the MWM acquisition and reversal phases**~*’. The pool was black and
244 cm in diameter, 51 cm deep, and filled half-way with water (21 £ 1 °C). A black platform was submerged
2 cm below the surface in one quadrant depending on the test phase. Posters and geometric shapes were on the
walls around the maze. There were 4 platform trials/day (max 2 min/trial) for 6 days and then a single probe trial
(45 s with no platform) on the seventh day. Rats were run in rotation and the intertrial interval was 5 s spent on
the platform plus the rotation time (3-10 min). For acquisition the platform was 10 cm diameter and located
in the southwest quadrant (north was defined as the position furthest from the experimenter) and for reversal
the platform was 7 cm diameter and located in the northeast quadrant. Rats were placed on the platform if they
did not locate it within 2 min. For the learning trials, latency and path efficiency were analyzed. Path efficiency
is independent of swim speed and is calculated as the length of a straight line from the start position to the
platform divided by the length of path the rat took to reach the platform. For probe trials, the dependent measure
was average distance from the former platform position®®.

Cincinnati water maze (CWM-A)

Rats were tested in the maze from PID100-PID123. The maze has 10 T-shaped cul-de-sacs branching from a
15 cm wide channel that extends from the start to the goal®. The maze is 51 cm tall and filled halfway with water
(21 £ 1 °C). To preclude spatial navigation, and ensure only egocentric navigate was used, rats were run under
infrared light. Rats were acclimated to the dark for at least 5 min prior to testing and given 2 trials/day with
a 5 min limit/trial for 24 days. Experimenters scored latency to escape and errors with the use of an infrared
sensitive camera mounted above the maze connected to a monitor in an adjacent room. If a rat did not find the
goal, it was removed from the maze after 5 min and not guided to the escape platform. The second trial started
after at least a 5 min rest period for rats that did not find the goal on trial-1 but started immediately after trial-1
for rats that found the goal. An error was counted similarly to the RWM at the stem of any dead-end cul-de-sac
or at the crossing-arm of a “I”. An error correction for trials that reached the 5 min limit was the number of
errors from the rat with the most errors, since some rats that could not find the escape on early trials treaded
water and made few errors with maximum latency scores of 5 min. The dependent variables were latency and
errors.

Morris water maze-shift, shift reversal, and cued-random

From PID138- PID153 rats were tested in the MWM in two additional phases (shift, shift reversal) followed by
cued trials to assess proximal cue learning. All maze and room parameters were the same as above except that
for shift and shift reversal the platform was 5 cm diameter. For the shift phase, the platform was in the northwest
quadrant and for the shift reversal phase in the southeast quadrant. Dependent measures for the learning phase
and probe phase were the same as above. The cued phase had 4 trials/day (2 min limit/trial) for 2 days, with a
submerged 10 cm platform marked with a ball on a rod that protruded 10 cm above the water. Black curtains
were closed around the pool to block distal cues. The platform and start positions were moved on each trial
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rendering distal cues uninformative?®. The dependent measure for cued trials was latency since video tracking
was not feasible with the lower lighting caused by the curtain around the maze.

Cincinnati water maze (CWM-B)
Next, rats were tested for 10 days from PID154-PID163 in the mirror image version. All parameters were the
same as for CWM-A.

Novel object recognition

On PID164 NOR was tested in the same arena and same procedures, but without a day of habituation. During
familiarization and retention, the average time to reach 30 s of cumulative exploration was < 200 s. The dependent
variable was novel object preference time. Chance was 7.5 s.

ELISA assessment

On PID170, randomly selected rats (n = 10/group) were decapitated, and their brains were dissected over ice
with the use of a brain block. The hippocampus and neostriatum were removed™. Sections were rapidly frozen
and stored at — 80 °C prior to analysis. ELISAs for AMPA-1, NMDA-R1, NMDA-R2, DRD-1, and TH were run
per the manufacturer’s instructions (MyBioSource, San Diego, CA). The limit of detection was 0.1 ng/mL for
AMPA-1, 1 pg/mL for NMDA-R1, 0.1 ng/mL for NMDA-R2, 0.55 ng/mL for DRD-1, and 0.1 ng/mL for TH.

Experiment two: cytokine assessment

Cytokines in the hippocampus and neostriatum were assayed using the Meso Scale Discovery (MSD)
proinflammatory panel-2 for rats V-PLEX® kit (MSD, Rockville, MD)?". The cytokines on this panel were:
interferon gamma (IFN-y), interleukin 10 (IL-10), interleukin 13 (IL-13), IL-1f, interleukin 4 (IL-4), interleukin
5 (IL-5), interleukin 6 (IL-6), keratinocyte chemoattractant/human growth-regulated oncogene (KC/GRO or
CXCL1), and TNF-a. On PID2 or PID7, rats were decapitated, and their brains processed as above, frozen
and stored at — 80 °C. All procedures were followed according to the manufacturer’s protocol. The plate was
analyzed by an MSD Meso Sector S600 plate reader, and concentrations were determined using MSD Discovery
Workbench software®. Cytokine concentrations (pg/mL) were normalized to total protein (Protein Assay Kit
(Pierce Biotechnology, Rockford, IL)) of each sample prior to analyses.

Statistical procedures

Data were analyzed using generalized linear mixed-effect models (SAS Proc Mixed, SAS Institute 9.4 TS, Cary,
NC)°L. Main effects of the irradiated groups versus Shams were first tested by one-sided Dunnett’s tests since
the effects of interest were adverse effects of proton exposure. Another Dunnett’s test was used to compare all
groups with the CV group. Other effects where no a priori predictions were made were tested using generalized
linear mixed-effect models. Significant interactions were analyzed using the slice option in Proc Mixed since
it controls the overall error term in the analyses. When irradiation was a factor for a significant interaction,
Dunnett’s test was used to sort the source of the effect. Repeated measure factors were fit to autoregressive
moving average, autoregressive, or unstructured covariance® depending upon best fit of the corrected Akaike
Information Criterion. Repeated measures were week (body weights and locomotion), day (RWM, CWM-A,
MWM, and CWM-B), block (ASR/TSR), trial type (ASR/TSR with acoustic or light prepulse), trial (straight
water channel), or brain region (cytokines). The estimation method for the covariance parameters was by the
restricted maximum likelihood method. Kenward-Roger first order adjusted degrees of freedom were used;
these can be fractional, and were calculated for Type III ANOVAs>. For survival data, a log-rank Mantel-Cox
test was used in Graphpad Prism (version 9.3.1). Significance was set at p < 0.05. Data are presented as least
square mean + SEM. Data were excluded for any rat that died during behavioral testing.

Data availability

Data are available at: Williams, Michael; Regan, Samantha; Fritz, Adam; Gollaway, Brooke; Mascia, Anthony;
Vatner, Ralph ; Perentesis, John; Vorhees, Charles (2024), “Data set for 18 Gy proton at different rates in Sprague
Dawley rats”, Mendeley Data, V1, doi: https://doi.org/10.17632/xfjmxnthtc.1.
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