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The effects of hippocampal neuronal afterdischarges (nAD) on hemodynamic parameters, such as blood-oxygen-
level-dependent (BOLD) signals) and local cerebral blood volume (CBV) changes, as well as neuronal activity
and metabolic parameters in the dentate gyrus, was investigated in rats by combining in vivo electrophysiology
with functional magnetic resonance imaging (fMRI) or ! H-nuclear magnetic resonance spectroscopy (! H-NMRS).
Brief electrical high-frequency pulse-burst stimulation of the right perforant pathway triggered nAD, a seizure-
like activity, in the right dentate gyrus with a high incidence, a phenomenon that in turn caused a sustained
decrease in BOLD signals for more than 30 min. The decrease was associated with a reduction in CBV but not
with signs of hypoxic metabolism. nAD also triggered transient changes mainly in the low gamma frequency band
that recovered within 20 min, so that the longer-lasting altered hemodynamics reflected a switch in blood supply
rather than transient changes in ongoing neuronal activity. Even in the presence of reduced baseline BOLD sig-
nals, neurovascular coupling mechanisms remained intact, making long-lasting vasospasm unlikely. Subsequently
generated nAD did not further alter the baseline BOLD signals. Similarly, nAD did not alter baseline BOLD signals
when acetaminophen was previously administered, because acetaminophen alone had already caused a similar
decrease in baseline BOLD signals as observed after the first nAD. Thus, at least two different blood supply states
exist for the hippocampus, one low and one high, with both states allowing similar neuronal activity. Both ac-
etaminophen and nAD switch from the high to the low blood supply state. As a result, the hemodynamic response
function to an identical stimulus differed after nAD or acetaminophen, although the triggered neuronal activity
was similar.

1. Introduction state, which is usually longer than the corresponding seizure, is often

accompanied by several symptoms, such as psychosis, confusion, cogni-

Seizure activity is usually a self-limiting event—that is, in most cases
it is terminated by an intrinsic mechanism that becomes effective dur-
ing periods of heavy synchronous electrical discharges. Although seizure
activity (or an ictal phase) eventually ceases, neuronal activity remains
affected by the previous strong activity, a period also known as the pos-
tictal state, before it eventually returns to normal activity (i.e., interictal
phase). Mechanism(s) that stop heavy seizure activity as well as mecha-
nisms that control and/or dominate the postictal state are still not well
known, although an understanding of these mechanisms may lead to
the development of new therapeutics to treat epilepsy (Berman, 2009;
Bragin et al., 1997; Lado and Moshe, 2008). In particular, the postictal

tive defects, aphasia, and paresis. Thus, shortening this period would be
beneficial for patients with epilepsy.

So far, it is difficult to identify the postictal state and to modify its
characteristic mechanisms because there is no clear pathophysiological
biomarker that could be used as a readout to check the efficacy of a
specific intervention. Ideally, an approach is needed that induces with
a high incidence a long-lasting postictal state (e.g., a procedure that
induces seizure-like activity) and then monitors with high spatial and
temporal resolution the transition from the ictal to the postictal state,
the maintenance of the postictal state, and the transition to the interictal
state/normal state.
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Similarly to the work by Bragin and colleagues (Bragin et al., 1997),
we observed in the hippocampus of rats the appearance of neuronal af-
terdischarges (nAD) when the right electrical perforant pathway was
stimulated with short bursts of high-frequency pulses (Helbing et al.,
2013). Because we performed electrical perforant pathway stimulation
and in vivo field potential recordings in the right dentate gyrus during
an fMRI experiment, we also measured blood-oxygen-level-dependent
(BOLD) signals as an indirect marker for neuronal activity in the entire
hippocampal formation. As expected, the presence of nAD, which nor-
mally last for about 10-15 s, coincided with an elevation in BOLD signals
in the entire right hippocampus. However, when these fMRI experiments
were analyzed without a conventional BOLD baseline correction algo-
rithm, it turned out that after termination of nAD, the BOLD baseline
signal rapidly declined and remained at a significantly lower level dur-
ing all subsequent stimulation periods (Angenstein, 2019; Arboit et al.,
2021; Bovet-Carmona et al., 2019). However, it remained open whether
nAD or the repeatedly applied stimuli were responsible for this persis-
tent decrease in baseline BOLD signals. If the sustained decline in base-
line BOLD signals after termination of nAD actually reflects a postic-
tal state of the hippocampus and can be utilized as an easily measur-
able marker for the presence of a postictal state, then the decline: (i)
should always occur after nAD but not when the same stimulation did
not trigger nAD; (ii) the signal decline should be longer lasting than the
stimulus-related nAD; and (iii) the signal decline should be associated
with an altered functional state of the hippocampus.

Recent work has already indicated that a period of strong seizure ac-
tivity can cause severe and prolonged hypoperfusion/hypoxia (i.e., up
to 80 min) in the hippocampus (Farrell et al., 2020, 2016). This phe-
nomenon depends on a long-lasting elevation of calcium in vascular
smooth muscle, and its sustained vasoconstriction (Tran et al., 2020).
Because emerging hypoperfusion/hypoxia should also be reflected in re-
duced BOLD signals, we tested whether a single brief period of nAD was
sufficient to cause a long-lasting decrease in hippocampal BOLD signals
and whether this decrease was dependent on sustained vasoconstriction.
In addition, we tested whether neurovascular coupling mechanisms re-
main effective during a prolonged modified vascular state (i.e., during
sustained vasoconstriction). That is, we examined whether and how the
efficacy of neurovascular coupling mechanisms changes after a brief pe-
riod of nAD.

2. Material and methods
2.1. Animals

Animals were cared for and used according to a protocol approved
by the Animal Experiment and Ethics Committee and in conformity with
European conventions for the protection of vertebrate animals used for
experimental purposes as well as institutional guidelines 86/609/CEE
(November 24, 1986). The experiments were approved by the animal
care committee of Saxony-Anhalt state (No. 42,502-2-1406 DZNE) and
performed according to the Animal Research: Reporting In Vivo Exper-
iments (ARRIVE) guidelines. Male Wistar Han rats (age 9-13 weeks)
were housed individually under conditions of constant temperature
(23 °C) and maintained on a controlled 12-h photoperiod. Food and tap
water were provided ad libitum. A total of 97 rats were included in this
study: 77 rats for BOLD measurements, 12 rats for CBV measurements,
13 rats for 'H NMR measurements, and 5 rats for local field potential
(LFP) recordings. Animals used for control conditions (i.e., without stim-
ulation) were subsequently also used for stimulation experiments. There
was at least 1 week between the two measurements.

2.2. Surgical procedure

Electrode implantation was performed as previously described in de-
tail (Angenstein et al., 2007). Initial experiments confirmed that the
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setup that was developed for use in a 4.7T animal scanner is also appli-
cable for a 9.4T animal scanner. Briefly, for electrode implantation the
rats were anesthetized with pentobarbital (40 mg/Kg pody weight> 1-P-) and
placed into a stereotactic frame. A bipolar stimulation electrode (114 pm
in diameter, made from Teflon-coated tungsten wire, impedance 18-20
KQ) was placed into the perforant pathway in the right hemisphere at
the coordinates AP: —7.4, ML: 4.1 mm from bregma, DV: 2.0 to 2.5 mm
from the dural surface. A monopolar recording electrode (114 pum in di-
ameter, made from Teflon-coated tungsten wire, impedance 18-20 KQ)
was lowered into the granular cell layer of the right dentate gyrus at
the coordinates AP: —4.0 mm, ML: 2.3 mm from bregma, DV: 2.8 to
3.2 mm from the dural surface. Monosynaptic-evoked field potentials
were measured during electrode implantation to control for the correct
placement, especially with regard to electrode depth. Grounding and in-
different electrodes (silver wires) were set on the dura through the left
side of the cranium, and fixed to the skull with dental cement and plas-
tic screws. Following surgery, the animals were housed individually and
given 1 week for recovery, with ad libitum food and water.

2.3. Combined fMRI and electrophysiological measurements

The experimental setup for simultaneous fMRI and electrophysio-
logical measurements during electrophysiological stimulations of the
right perforant pathway in a 9.4T animal scanner was adopted from the
setup used in a 4.7T animal scanner. Animals were initially anesthetized
with isoflurane (1.5-2%; in 50:50 N,:0,, v:v) and the anesthesia was
switched to deep sedation by application of medetomidine (Dorbene,
Pfizer GmbH, bolus: 50 ug/kg pody weight S-¢- and after 15 min 100 ug/kg
body weight /h s.c.) after animals were fixed into the head holder and
connected to recording and stimulation electrodes. Heating was pro-
vided from the ventral side. Body temperature was measured in some
animals before and after the fMRI session; the temperature remained
stable between 37.5 and 38.5 °C in all measured animals. The heart rate
and breathing rate were monitored during the entire experiment us-
ing an MR-compatible monitoring and gating system for small animals
(Model1030, SA Instruments, Inc. Stony Brooks, NY, USA); the breath-
ing rate (between 40 and 60 breaths/min) and heart rate (between 220
and 300 bpm) varied between individual animals but remained stable
in all individual animals during the fMRI measurement.

To stimulate the perforant pathway, bipolar pulses (pulse width
0.2 ms) at 50 pA (low intensity) or 350 pA (high intensity) were used.
Low-intensity pulses elicited clear field excitatory postsynaptic poten-
tial (fEPSP) in the dentate gyrus without a population spike component,
whereas high-intensity pulses elicited an fEPSP with a clear population
spike component. A stimulation period consisted of eight bursts of 20
pulses, one burst at the beginning of each second. The 20 pulses were
given at a frequency of 100 Hz, so that one burst lasted 200 ms. The elec-
trophysiological responses were filtered with an antialiasing filter, that
is, a low-pass filter (<1 Hz) and a high-pass filter (>5000 Hz) using an
EX4-400 amplifier (Science Products, Hofheim, Germany), transformed
by an analog-to-digital interface (power-CED, Cambridge Electronic De-
sign, Cambridge, UK) and stored on a personal computer with a sam-
pling rate of 13,000 Hz.

To test the effect of NMDA receptor modulators (MK801 as an an-
tagonist [0.5 Mg/Kg pody weight] OF GLYX-13 [1 mg/Kg pody weight! aS
a positive modulator) or acetaminophen (250 mg/kg pody weight) ON
stimulus-induced BOLD signal changes, these drugs were injected in-
traperitoneally 30 min before the first stimulation period (Fig. 1). To test
the effect of acetaminophen (250 mg/kg pody weight) 00 baseline BOLD
signals, the drug was injected intraperitoneally 2 min after the onset of
fMRI measurement (Fig. 1).

All fMRI experiments were performed on a 9.4T Bruker Biospec
94/20 scanner, equipped with a BGA12 HP (440 mT/m) gradient sys-
tem. An 86 mm transmit/receive volume coil (Bruker Biospin MRI
GmbH, Ettlingen, Germany) was used for radio frequency (RF) exci-
tation, and a 20 mm planar surface coil (Bruker Biospin MRI GmbH)
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Fig. 1. Experimental design. In general, rats were first anesthetized with isoflurane (1.5-2%) and placed in the animal cradle, fixed in the head restraint, and
connected to the recording and stimulation electrodes. Then, if mentioned, drug was injected intraperitoneally (time 0). After 1 min, a bolus of medetomidine
(50 1g/Kg pody weight) Was administered subcutaneously, and the animal was placed in the scanner to make all necessary preliminary settings for fMRI measurement.
Ten minutes later, isoflurane was reduced to 0.4%, and continuous subcutaneous injection of medetomidine (100 pg/Kg nody weight /h) was started. Five minutes
later, isoflurane was completely discontinued. fMRI started 28 min after drug application, so that the first stimulation period started 30 min after drug application.
Basically, four different protocols were used: a, without any stimulation; b, with one stimulation period; c, two stimulation periods at an interval of 20 min; or
d, repeated stimulation with an interval of 1 min. The measurement duration was 22 min (a, b, d) or 32 min (c). For the measurement of long-term effects, the
measurement time was also extended to 2 h (a,b). Stimulation periods are indicated in red (For interpretation of the references to color in this figure legend, the

reader is referred to the web version of this article.).

was used for signal reception. Initially, a BO-field map was acquired,
which was used for local shimming using an ellipsoid that covered the
entire brain. BOLD-fMRI was performed by using a gradient-echo pla-
nar imaging (EPI) sequence with the following parameters: TR 2000 ms,
TE 20.61 ms, flip angle 90°, bandwidth 326,087 Hz, slice number: 10,
slice thickness 0.4 mm, inter slice distance 0.1 mm, field of view (FOV)
25.6 x 25.6 mm, matrix 128 x 128 (in plane resolution 200 x 200 um).

Trigger pulses that were generated by the scanner at the beginning of
every volume—that is, every 2 s—were used to synchronize fMRI image
acquisition and electrophysiological stimulations. Electrical stimulation
started with a delay of 175 ms to prevent an overlay of electrophysiolog-
ical responses with scanner-induced artifacts (Fig. 2). Each fMRI mea-
surement started with an initial 2-min period without any stimulation
(to determine baseline BOLD signals), and then the appropriate stimu-
lation protocol was applied. Changes in CBV were measured with iden-
tical imaging parameters but 5 min after i.v. injection (through the tail
vein) of 20 mg/Kg pody weight Ultrasmall superparamagnetic iron-oxide
(USPIO) nanoparticles (Molday ION, BioPAL Inc., Worcester, MA, USA).
The concentration of 20 mg/kg pody weight USPIO was used because it is
close to the optimal contrast-to-noise ratio and has a low (calculated)
BOLD contribution to the CBV-weighted MRI (Lu et al., 2007). Because
the presence of USPIO reduces fMRI signal intensities, an increase in
CBV is indicated by a decrease in fMRI signals.

After fMRI measurements, 10 horizontal anatomical spin-echo-
images (T,-weighted) were obtained using a rapid acquisition relax-
ation enhanced (RARE) sequence (Hennig et al., 1986) with the fol-
lowing parameters: TR 3000 ms, TE 33 ms, slice thickness 0.4 mm,
FOV 25.6 x 25.6 mm, matrix 256 x 256, RARE factor 8, averages 4.
The total scanning time was 6.4 min. The slice geometry, 10 horizontal
slices, was identical to the previously obtained gradient-echo EPI.

2.4. Combined 'H NMR spectroscopy and electrophysiological
measurements

To avoid putative interferences with the implanted electrodes, the
left dorsal hippocampus was used for 'H NMR spectroscopy. First,
three adjacent localizer anatomical T1-weighted images were ob-
tained in three orthogonal planes to align a rectangular voxel volume
(2 x 2 x 4 mm) in the left dorsal hippocampus. Then, first and second
order shims were performed for the defined voxel using the localized
shim tool implemented in ParaVision 6.0. A point resolved spectroscopy
sequence (PRESS) with the following parameters was used to obtain
to a 'H NMR spectrum: TR 3000 ms, TE 16.301 ms, acquisition dura-

tion 511.18 ms, bandwidth 8012.82 Hz (20.02 ppm), dwell time 62.4
us, spectral resolution 0.98 Hz/pts, averages 300; the result was a total
scanning time of 15 min. The PRESS sequence was preceded by a vari-
able pulse power and optimized relaxation delays (VAPOR) sequence for
global water suppression. All raw spectra were analyzed with the freely
available LCModel software (http://s-provencher.com/lcmodel.shtml)
(Provencher, 1993) using the basis set of LCModel model metabolite
spectra for 9.4T (http://s-provencher.com/lcm-basis.shtml). The unsup-
pressed water signal measured from the same VOI was used as an inter-
nal reference for the quantification (assuming 80% brain water content).
CRLB (Cramér Rao Lower Bounds) value greater than 50% was used to
exclude lines from the analysis. In addition, the ratio of each metabolite
to total creatine (i.e., creatine and phosphocreatine) was determined to
evaluate possible changes in concentration after stimulation, assuming
that the total creatine concentration did not change as a result of stim-
ulation. In the analysis, possible BOLD effects on the line width of indi-
vidual metabolites due to changes in oxygenated Hb in the hippocampus
after stimulation were not considered separately, because according to
LCModel the rough estimate of linewidth in the in vivo spectrum be-
fore (FWHM before: 0.050 + 0.019 ppm) and after a stimulation train
(0.0512 + 0.015 ppm) did not differ significantly.

2.5. LFP recordings

We also recorded LFP outside the scanner to monitor ongoing neu-
ronal activity in the dentate gyrus during and after stimulation. Signals
were filtered (high-pass filter: 0.1 Hz; low-pass filter: 5000 Hz) using
EX1 amplifiers (Science Products, Hofheim, Germany) and transformed
by an analog-to-digital interface (power-CED, Cambridge Electronic De-
sign). Data were recorded by using a sampling rate of 5000 Hz with
Spike2 (version 6).

2.6. Data analysis

The functional data were loaded and converted to the BrainVoyager
data format. A standard sequence of pre-processing steps implemented
in the BrainVoyager QX 2.8.0 software (Brain Innovation, Maastricht,
the Netherlands) such as slice scan time correction, 3D motion correc-
tion (trilinear interpolation and data reduction by using the first volume
as a reference), and temporal filtering (FWHM 3 data points) were ap-
plied to each data set.

VOI analysis: Each individual functional imaging data set was aligned
to a 3D standard rat brain by using the 3D volume tool implemented
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Fig. 2. Experimental setup to simultaneously
monitor electrophysiological and BOLD-fMRI
responses in the in rat brain during electrical
perforant pathway stimulation. A Schematic
view of electrode locations and analyzed VOIs
(green: dentate gyrus; red: CA3; blue: CAl).
B Example of a BOLD time series measured
in individual VOIs during one fMRI experi-
ment. A gray vertical bar indicates the period
of stimulation and the black horizontal bar in-
dicates the time period of nAD. C Example

dentate gyrus
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of an electrophysiological recording during an
fMRI measurement. Top: Summary of 30-s-long
recording period. Red arrows indicate the peri-
ods of stimulation (i.e., eight bursts of 20 high-
frequency pulses). Bottom: Compilation of elec-
trophysiological recordings with higher tempo-
ral resolution. 1, Before electrical stimulation
started, only scanner-related artifacts were ob-
served. 2, During each pulse burst stimulation,
only one population spike as a response to the
first pulse was observed (magnified to the right
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side). 3, Immediately after stimulation, heavy
spiking—an appearance of frequent population
spikes—was observed. 4, When heavy spiking
abated, then large fEPSP-like responses appear
(For interpretation of the references to color in
this figure legend, the reader is referred to the

web version of this article.).

in the BrainVoyager QX 2.8.0 software. The 3D standard rat brain had
previously been generated from a rat of the same age and strain. The fol-
lowing VOIs were marked in the 3D standard rat brain: CA1, CA3, den-
tate gyrus, septum, and medial prefrontal cortex (mPFC). The averaged
BOLD time series of all voxels located in one VOI was then calculated
for each individual animal using the VOI analysis tool implemented in
the BrainVoyager QX 2.8.0 software. Each individual BOLD time series
was normalized by using the averaged BOLD signal intensity of 100%.
Normalized BOLD time series were then averaged and are depicted as
mean BOLD time series + SEM.

Analysis of LFP recordings: We measured the amplitude of the pop-
ulation spike in mV, the latency in ms, and the slope in mV/ms (mea-
sured at the steepest rise of the first negative deflection). To visualize
how these parameters were affected by different stimulation protocols
or pharmacological stimulation, we averaged the responses in one train
and compared them between two conditions (i.e., comparison of stim-
ulation train 1 control vs. drug [e.g., acetaminophen] or comparison of
train 1 vs. train 2 in the same animal) using a Student’s unpaired t-test.
We considered differences to be significant when p < 0.05. All absolute
measurements were averaged and are presented as the arithmetic mean
+ SEM.

The frequency band-specific power from the LFP recordings was esti-
mated from the Hilbert transform of frequency band-filtered LFP record-
ings. This approach has been termed “clinical mode decomposition”
(Cohen et al., 2008; Freeman, 2004), and it is useful to inspect the
changes in oscillatory dynamics in specific frequency bands. This analy-
sis was performed by using custom codes in Spyder 4.2.5 (Python 3.8.8).
The data were band-pass filtered using the following ranges: delta (1-
4 Hz), theta (4-8 Hz), alpha (8-13 Hz), beta (13-30 Hz), low gamma
(30-49 Hz), middle gamma (51-90 Hz), fast gamma (90-140 Hz), and
ultra-high gamma (140-170 Hz). The ranges were chosen to remove the

50 Hz line noise. Before band filtering the data were down-sampled to
1000 Hz. Finite pulse response (FIR) filters were used to have no distor-
tion or changes in phase that can happen when infinite pulse response
(IR) filters are used. The Hilbert transform was then applied to the fil-
tered data, and the instantaneous power at each time point was obtained
by calculating the absolute value of the Hilbert transform raised to the
second power. After extracting the power, to quantify the power changes
over time of the filtered frequency bands, three intervals were chosen to
analyze the power: (i) a baseline period starting 150 s before the stim-
ulation, (ii) an interval 350 s after the stimulation, and (iii) an interval
900 s after the stimulation. Each interval lasted 120 s. The power of each
frequency band was then normalized to the baseline using the percent-
age change method (% change = 100 x [(signal — baseline)/baseline]).
In this way, it was possible to average together the normalized power
of all animals. For each frequency band, changes in normalized power
between the selected intervals (i, ii, and iii) were tested by using either
a one-way ANOVA or the Kruskal-Wallis test, depending on the homo-
geneity of variance (tested by using the Brown-Forsythe test). For mul-
tiple comparisons, Tukey’s and Dunn’s post hoc tests were performed
depending on the requirements. Differences were considered significant
when p < 0.05. Unless stated otherwise, data are expressed as the mean
+ SEM (standard error mean). To better visualize the time course of the
normalized power of the selected frequency bands, a smoothing window
of 20 s was applied to the normalized data prior to plotting. All spectro-
grams were calculated by using the specgram function from matplotlib
in Spyder 4.2.5 (Python 3.8.8) with a Hanning window of 1 s and an
overlap of 0.5 s.

Analysis of pulse-related neuronal activity recorded during fMRI: Spik-
ing and postsynaptic activity of granule cells in the dentate gyrus were
analyzed as described previously (Angenstein, 2019). Briefly, the ampli-
tude of the population spike was measured in mV (from the first most
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Fig. 3. Variation in BOLD signals and electrophysiologically measured neuronal responses in the right dentate gyrus during stimulation of the right perforant pathway
with four different stimulation protocols. A Summary of BOLD signal changes in the right dentate gyrus during each stimulation condition. Protocol 1 consisted of 20
identical high-intensity pulse burst stimulations (black line, top panel). Protocol 2 (blue line, lower panel) and protocol 3 (green line) used repetitive low intensity
pulse (50 pA) trains that were substituted by one high-intensity pulse train (protocol 2: train 15, indicated by a blue arrow; protocol 3 train 5, indicated by a green
arrow). Protocol 4 used only one high-intensity pulse bust train 2 min after the start of the fMRI measurement (red arrow). The gray graph indicates the variation in
BOLD signals when the perforant pathway was not stimulated. Note that all four stimulation protocols resulted in a similar decline in baseline BOLD signals at the
end of the measurement after 22 min. B Summary of concurrently measured neuronal responses in the right dentate gyrus during stimulation. High-intensity pulse
bursts only elicited detectable population spikes, which were accompanied by stronger postsynaptic responses (measured as the initial slope of the fEPSP). In contrast
to BOLD responses, postsynaptic responses to low-intensity pulse burst stimulation did not differ between initial (i.e., before high-intensity pulse burst stimulation)
and late (i.e., after high-intensity pulse burst stimulation) stimulation trains. C Summary of BOLD responses induced before the high-intensity pulse burst stimulation
(average of trains 1-5, dashed lines), during the high-intensity pulse burst stimulation (solid line) and after the high-intensity pulse burst stimulation (average of
trains 16-20, dotted lines). D Development of BOLD signals in the right dentate gyrus and septum over the course of 2 h after stimulation. When a single stimulation
period induced nAD, then BOLD signals declined and remained significantly reduced compared with the BOLD signals in animals that were not stimulated (gray
line). Note that in unstimulated animals, baseline BOLD signals remained constant for about 45 min; thus, all subsequent experiments did not exceed 30 min. The
dark gray box indicates the time period that was used for the initial experiments depicted in A (For interpretation of the references to color in this figure legend, the
reader is referred to the web version of this article.).

positive point to the following most negative point) and the latency in persistent decline in baseline BOLD signals were characteristic for all an-
ms (from the middle of the stimulus artifact to the most negative point; alyzed hippocampal subregions, and they were significantly stronger in
see Fig. 2C). Postsynaptic activity was measured as the initial slope of the right dentate gyrus compared with the right CA1 and CA3 regions.
the fEPSP (mV/ms). All absolute measurements were averaged and are By contrast, BOLD time series from the left dentate gyrus, CA1, and CA3
depicted as the arithmetic mean + SEM. were similar, with only small differences in transient positive BOLD re-

sponses but no significant differences in the development of baseline
3. Results BOLD signals (Fig. S1).

Repetitive stimulations of the right perforant pathway with 3.1. Development of baseline BOLD signals during low- and high-intensity
bursts of high-frequency pulses caused, as described previously pulse stimulations
(Angenstein, 2019), transient positive BOLD responses as well as a sus-

tained decrease in baseline BOLD signals in the right and left hippocam- To exclude possible scanner-, electrode-, analyzer-, or sedation-
pus. related (i.e., medetomidine) artifacts on the development of the base-
In the present study, we used four different stimulation protocols to line BOLD signal, we then measured animals that were connected to the
investigate whether and how the occurrence of nAD affected BOLD sig- electrophysiological setup but did not receive electrical stimulation. Un-
nals. In these protocols, the perforant pathway was stimulated either der this condition, baseline BOLD signals in all hippocampal subfields
with high-intensity repetitive pulse trains (protocol 1), with one high- remained stable over a 22 min period, so we did not detect any con-
intensity pulse train in combination with low-intensity repetitive pulse founding factors on baseline BOLD signals (gray line, Fig. 3A).
trains (protocols 2 and 3), or with a high-intensity pulse train only (pro- In the next series of experiments, we tested whether repeated activa-
tocol 4; Fig. 3A,B). When the perforant pathway was stimulated with tion of granule cells (i.e., repetitive synaptic and/or spiking activity) was
repeated high-intensity pulse burst periods (protocol 1), nAD were ob- required to maintain the long-lasting reduction in baseline BOLD sig-
served only during and after the first stimulation period and did not nals. First, the perforant pathway was again stimulated with repetitive
occur during any subsequent stimulation period. After the second stim- trains of high-frequency pulses but with low intensities (50 pA)—that

ulation period, baseline BOLD signals declined below the initial level is, pulse intensities that triggered only fEPSP but not population spikes
and remained there until the end of the experiment (black line, Fig. 3A). (Fig. S2) or nAD in the dentate gyrus (protocol 2). Baseline BOLD signals
Superimposing BOLD time series from different hippocampal subregions declined by about 1% in the right dentate gyrus (blue line, Fig. 3A).
revealed that both transient positive BOLD responses and the concurrent However, when the same pulse sequence was given once at a high in-
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tensity (350 pA), population spikes and nAD were induced, and subse-
quently the baseline BOLD signals decreased to a much lower level—to
approximately 95%—and remained at this low level until the end of the
experiment.

Subsequently applied low intensity pulses did not further affect base-
line BOLD signals; they only generated attenuated positive BOLD re-
sponses. To confirm that stimulus-induced positive BOLD responses
were reduced after baseline BOLD signals declined, we repeated the
same experiment but applied the high-intensity stimulation train af-
ter five low-intensity stimulation trains (protocol 3). Again, baseline
BOLD signals only dropped after the single high-intensity stimulation
train, and all subsequent stimulus-related positive BOLD responses were
significantly reduced compared with the initial response (green line,
Fig. 3A). In contrast to the altered BOLD responses, the initial slopes
of the fEPSPs in the dentate gyrus, as a measure of postsynaptic activ-
ity, remained unchanged (Fig. 3B).

3.2. nAD but not pulse-related neuronal responses caused the decline in
baseline BOLD signals

To test whether the sustained decrease in baseline BOLD signals
is maintained by repeated low-intensity stimulations, that is, repeated
synaptic activations, the right perforant pathway was stimulated with
only one stimulation period, namely eight high-intensity pulse bursts
(protocol 4; red line, Fig. 3A). This stimulation protocol triggered nAD
in 18 out of 22 animals; thus, in four animals BOLD signal changes only
depended on neuronal activity induced by electrical stimulations and
not on nAD. During the stimulation period, BOLD signals rapidly in-
creased and reached a maximum level 2 s after the stimulation ceased.
When nAD were subsequently generated, then BOLD signals declined
slowly but remained elevated compared with the initial level (red line,
Figs. 3A and 4A), whereas in the absence of nAD, BOLD signals rapidly
returned to the initial level (blue line, Fig. 4A). After nAD terminated,
BOLD signals remained at a short stable level before they eventually
declined to a low level, where they remained for the next 20 min, al-
though no further stimulations were applied (Figs. 3A and 4A). When
no nAD were induced, no significant decline in baseline BOLD signals
was observed. Thus, the clear sustained decline in baseline BOLD signals
required the presences of nAD.

All four stimulation protocols tested resulted in similar levels of base-
line BOLD signals at the end of the experiment: It did not matter whether
and when additional low- or high-intensity pulse trains were given.

Thus, a short period of nAD caused the prolonged decline in baseline
BOLD signals.

In an additional set of experiments, we tested whether the nAD-
mediated decrease in baseline BOLD signals returned to normal within
the following 2 h. Once nAD caused a decrease in baseline BOLD sig-
nals, they remained at the low level; even within 2 h, the initial BOLD
baseline value was not regained (Fig. 3D). In animals connected to
the electrophysiological setup but that did not receive an electrical
stimulation, baseline BOLD signals remained stable for about 40 min
and then gradually declined by up to 5% until the end of the mea-
surement. Similarly to a previous observation (Shatillo et al., 2019),
there were occasional spontaneous BOLD waves that did not relate to
detectable changes in synchronized neuronal activity in the dentate
gyrus. These spontaneous BOLD waves occurred in both stimulated and
unstimulated animals, in the hippocampus, and at other time points
in the prefrontal cortex; thus, they do not represent general scanner-
related artifacts (Fig. S3). Because the baseline BOLD level in the den-
tate gyrus remained stable for 40 min, we focused on the development of
BOLD signals during the first 30 min after stimulation in all subsequent
studies to avoid confounding factors that might become effective after
40 min.

3.3. Stimulus-related change in the local CBV

After testing the four different stimulation protocols, it became obvi-
ous that the presence of nAD was responsible for the prolonged decline
in baseline BOLD signals. For this reason, we performed further experi-
ments with stimulation protocol 4, because with this protocol nAD were
triggered with only one stimulation period. A decline in BOLD signals
indicates reduced oxygenation of capillary/venous blood, which in turn
could be the result of higher oxygen consumption in the surrounding tis-
sue, a reduced blood supply, or a combination of these two parameters.
To measure putative stimulus-related changes in local blood volume,
we reran the same experiment in the presence of 20 mg/Kg pody weight
USPIO. As expected, a single stimulation period caused a fast decline in
signal intensities: a fast increase in blood volume in the right and left
dorsal hippocampus (red line, Fig. 4B). In contrast to the development of
BOLD signals, CBV remained at this high level during the subsequent pe-
riod of nAD; thus, the maximum CBV was still present during nAD. CBV
then declined to near the initial level, and after approximately 2 min, it
declined below the initial level and remained at that reduced level un-
til the end of the measurement. When stimulation did not trigger nAD,
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then CBV only increased transiently and returned quickly to the initial
level (blue line, Fig. 4B).

3.4. nAD-related changes in ongoing neuronal activity in the dentate gyrus

During fMRI, scanner-related artifacts (i.e., switching gradients) con-
found the in vivo recordings. Although pulse-induced synchronized gran-
ule cell activity could easily be detected and quantified, small changes
in LFP signals, as a measure of ongoing baseline neuronal activity, were
superimposed by scanner-induced interferences. Therefore, outside the
MRI scanner, we measured the development of LFPs during and after
a single stimulation period (Fig. 5). Before stimulation, ongoing syn-
chronized neuronal activity was stable (Figs. 5 and 6A,B). Already dur-
ing the stimulation period heavy neuronal activity emerged and con-
tinued for about 15-20 s. This increase in neuronal activity was not
uniform—it changed over time. Initially, strong synchronized spiking
activity was observed, which was then replaced by neuronal activity
triggering fEPSP-like responses (Figs. 2 and 5). After nAD terminated,
neuronal activity almost completely disappeared for the following 30-
40 s. Then, a second period of increased neuronal activity occurred,
lasting approximately 20-30 s. When this second period of increased
neuronal activity terminated, neuronal activity slowly recovered dur-
ing the next 5 min to an activity pattern seen before stimulation onset
(Figs. 5 and 6A,B).

Although total neuronal activity apparently normalized after 4-
5 min, frequency band analysis revealed a transient significant increase
in low gamma oscillations (30-49 Hz) after 6 min, whereas theta oscil-
lations (4-8 Hz) and to a lesser extend alpha oscillations (8-13 Hz) only
slowly recovered and were still significantly reduced at this time point
(Fig. 6C,D). All other frequency bands returned to baseline within 6 min
after the end of stimulation (Fig. S4).

3.5. Relation between neuronal activity CBV and BOLD signals

A single 8-s-long period of high-frequency pulse burst stimulation
elicited various forms of neuronal activity in the dentate gyrus that out-
lasted the stimulation period by approximately 15 min (Fig. 6). In con-
trast to neuronal activity, hemodynamic parameters remained changed
for at least 30 min (Fig. 3D). To address what kind of neuronal activity
relates to changes in CBV and BOLD signals, we overlayed the measured
hemodynamic parameters with measured neuronal activity in the den-
tate gyrus (Figs. 5 and 6). During stimulation, pulse-induced granule

cell responses caused a clear functional hyperemia, with increased CBV
and BOLD signals (blood oxygenation) after a short delay (Fig. 5, pe-
riod 1). During the subsequent period of nAD (Fig. 5, period 2), CBV
further increased, whereas BOLD signals declined, indicating that tissue
oxygen consumption further increased. After nAD terminated, almost no
neuronal activity was detected for about 30-40 s, and during this time
the BOLD signal stabilized, while CBV remained at the highest level and
started to decline only at the end (Fig. 5, period 3). The subsequent
second period of nAD, which lasted again for 20-30 s, coincided with a
strong decline in CBV toward the initial level, and BOLD signals declined
below the initial level (Fig. 5, period 4). Then, neuronal activity slowly
recovered to an apparent similar level as present before the stimulation
(Figs. 5 and 6, period 5). During this period, BOLD signals remained at
the low level and CBV decreased below the initial level. When CBV and
BOLD signals were used to roughly calculate tissue oxygen consumption
(i.e., BOLD-CBV), at the end of period 5 oxygen consumption returned
to a level that was present before stimulation and remained stable for
the next 14 min (Fig. 6E,F). During the subsequent period of increased
low gamma-oscillatory activity (Fig. 6D, period 6), CBV continued to de-
crease only slowly. At the end of period 6, CBV reached an apparently
stable level. Although a transient increase in low gamma oscillation was
present, the BOLD signals remained unaffected (Fig. 6F).

3.6. NMDA receptor activation and baseline BOLD signals

The baseline BOLD signal only persistently declined by more than
5% when stimulation intensities were high enough to elicit population
spikes and nAD in the hippocampus. To test whether postsynaptic NMDA
receptors are involved in this phenomenon, we stimulated the right per-
forant pathway again with a high-intensity stimulation train but in the
presence of MK801, a systemically acting NMDA receptor antagonist.
The presence of 0.5 mg/Kg ody weight MK801 did not completely block
the appearance of nAD: They were again elicited in five out of eight
animals. The initial transient positive BOLD response was similar in the
two groups treated with MK801, and BOLD signals only significantly
declined below the initial level in animals that had nAD. Thus, the pres-
ence of nAD was again essential for the subsequent decline in baseline
BOLD signals (Fig. 7A). Comparing the group of MK801-treated animals
that showed nAD with untreated animals (that also had nAD) revealed
an effect of MK801 on the development of BOLD signals during the ex-
periment. First, the initial transient positive BOLD response was sig-
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Fig. 6. Comparison of neuronal activity and hemodynamic responses in the right dentate gyrus during and after one high-frequency pulse burst stimulation. A
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Fig. 7. Modulation of NMDA receptors had only minor effects on baseline BOLD signals after nAD. A BOLD time series in the right dentate gyrus after stimulation of
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figure legend, the reader is referred to the web version of this article.).

nificantly smaller in MK801-treated animals compared with untreated
animals (red line, Fig. 7A,B). Second, in MK801-treated animals, BOLD

signals rapidly declined

ulation and remained stable at this level for the next 20 min. By con-
trast, in untreated animals, after termination the BOLD signal decline
was interrupted by a small plateau of increased neuronal activity and a
slower decline in BOLD signals, so that the low level of baseline BOLD
signals was only reached 15 min later (at the end of the experiment);

to a low level within 90 s after the end of stim-

the reduced baseline BOLD level was the same in the MK801-treated
and untreated animals (Fig. 7A). Thus, NMDA-receptor-mediated mech-
anisms only affected the BOLD signals during the period of nAD and the
kinetics of the subsequent decline in BOLD signals, but not the strong
decline in baseline BOLD signals at later time points.

To confirm that NMDA-receptor-dependent mechanisms were in-
volved in the control of the initial development of baseline BOLD sig-
nals, we reran the same experiment in the presence of GLYX-13, a posi-
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did not cause significant changes in the concentrations of the analyzed metabolites
referred to the web version of this article.).

tive modulator of NMDA receptors. When GLYX-13 was present during
stimulation of the right perforant pathway, the initial BOLD response
was not significantly affected, but the initial decline was reduced, lead-
ing to significantly higher BOLD signals during nAD compared with the
control stimulation group (blue line, Fig. 7A,B). Then, BOLD signals de-
clined and reached similar values as under the control condition. Thus,
the positive NMDA receptor modulator also only affected BOLD signals
during and immediately after nAD.

3.7. Decline in baseline BOLD signals is not accompanied by an increase in
the lactate concentration

Because an elevated lactate concentration would indicate a hypoxic
state during the period of sustained reduced baseline BOLD signals, we
used 'H NMR spectroscopy to measure the lactate concentration be-
fore and after the induction of nAD. Stimulation of the right perforant
pathway with a high-intensity pulse sequence elicited similar changes in
BOLD baseline signals in the right and left hippocampus. We therefore
used the left hippocampus for the measurement because the electrodes
did not cause susceptibility artifacts.

In a first set of experiments, we performed two consecutive identi-
cal '"H NMR measurements—one before and one after the stimulation

(For interpretation of the references to color in this figure legend, the reader is

period (Fig. 8A). Although stimulation induced nAD, the amount of lac-
tate as a marker for increased glycolysis remained unaffected (before:
0.36 + 0.40 umol/g, after: 0.73 + 0.40 umol/g, p = 0.14; or relative to
total creatine [tCr, set at 1.0] before: 0.05 + 0.05 and after 0.1 + 0.05,
p = 0.12; Fig. 8A, Table S1). Given the variability of lactate concentra-
tion in the unstimulated state, lactate concentration would have had to
increase to more than 1 umol/g after stimulation to become significant.

As mentioned before (Fig. S1), repetitive stimulations of the right
perforant pathway with high-intensity pulse bursts triggered a decline in
baseline BOLD signals as well as transient positive BOLD responses in the
left hippocampus. To test whether during repetitive neuronal activation
the lactate concentration increases, we again used the left hippocampus
for 'H NMR spectroscopy. Under the condition of repetitive stimula-
tions with high-frequency pulse bursts, there was again no significant in-
crease in lactate (before: 0.28 + 0.29 umol/g, after: 0.84 + 0.86 pmol/g,
p = 0.13; or relative to tCr [set at 1.0] before: 0.03 + 0.03 and after
0.1 + 0.1, p = 0.12; Fig. 8B, Table S2).

3.8. Susceptibility to subsequent nAD

To check whether the altered hemodynamics affected the suscepti-
bility to subsequent nAD, we performed the same experiment again and
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Fig. 9. A second stimulation of the right perforant pathway after 20 min caused stronger nAD than the initial stimulation period. A Development of BOLD (top)
and CBV (bottom) signals during the experiment. After baseline BOLD signals declined following the first stimulation period, the second stimulation period caused
an increase in BOLD signals to the same level as during the first stimulation period. Right side: comparison of fMRI responses to the first (solid lines) and second
(dashed lines) stimulation periods. B Examples of field potential recordings during the period of stimulation (upper row) and subsequent period of h-nAD (lower
row) measured during the first (top box) and second (lower box) stimulation trains. Arrows indicate the positions of population spikes. Right side: summary of
measured population spikes per second during the first (black dots) and second (red dots) stimulation periods. C Summary of neuronal responses recorded in the
dentate gyrus during the first (black dots) and second (red dots) stimulation periods. During the two stimulation periods, similar neuronal responses were observed
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.).

stimulated the right perforant pathway a second time 20 min after the
first stimulation, at a time when baseline BOLD signals were still reduced
in the hippocampus and ongoing neuronal activity had apparently nor-
malized. Stimulation at this late time point triggered similar neuronal
responses to individual pulse bursts compared with the first stimulation
period, but significantly longer and stronger nAD (Fig. 9B,C). Thus, the
first stimulation period elicited nAD that lasted 17.8 + 9.3 s (the first
7.8 + 4.5 s with strong spiking activity), whereas the second stimulation
period triggered nAD that lasted 44.0 + 13.9 s (the first 30.4 + 14.3 s
with strong spiking activity). Furthermore, nAD after the second stimu-
lation period were also characterized by more frequent spiking (Fig. 9B).
Thus, 20 min after the first stimulation period the susceptibility to gen-
erate nAD was increased.

In agreement with the electrophysiological data, the corresponding
BOLD responses also differed between the first and second stimulation
trains. While the initial rising slopes were similar during the two stimu-
lation trains, the BOLD signals varied during the subsequent nAD period;

10

they dropped after the first train but continued to rise during the second
nAD period. Thus, the second stimulation train caused a stronger and
longer positive BOLD response at the end than after the first stimulation
train. However, the baseline BOLD signals did not decrease further af-
ter the second stimulation period. Comparing the first with the second
BOLD response, it is clear that the stronger second BOLD response is
mainly related to the difference in the respective BOLD baseline present,
because the maximum BOLD signal intensity reached during the two
stimulation periods was almost identical (red lines, Fig. 9A). Similarly
to the BOLD responses, the two successive stimulation periods produced
different CBV responses; however, during the second stimulation period,
the maximum CBV signals even exceeded those of the first, so the dif-
ference was not only due to a different baseline (black lines Fig. 9A).
When the same stimulation train was repeated continuously with
only 1-min intervals, then an identical train after 20 min only caused a
smaller BOLD response as the initial response and no nAD. In contrast
to the reduced BOLD response in the right dentate gyrus, concurrently
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elicited neuronal responses were similar. Thus, repetitive stimulations nor nAD changed, so the neuronal activation pattern was unchanged in
prevented the re-appearance of nAD (Fig. S5). Again, baseline BOLD the presence of acetaminophen (Fig. 10B,D). BOLD signals during the
signals only declined after the initially induced nAD and developed in first and second stimulation period developed similarly compared with
the presence of repetitive stimulations in a similar way as they did after untreated animals, but after the first stimulation period, BOLD signals
only one period of nAD. increased a second time during phase 3, the time period when in control
animals BOLD signals declined to a significantly lower level. Then BOLD

3.9. Acetaminophen prevented the decline in the baseline BOLD signals only declined to the initial level and remained at this level for
signal at least 20 min. Thus, in the presence of acetaminophen nAD did not
cause a decline in baseline BOLD signals (Fig. 10A). In the presence of

Previous work showed that acetaminophen can prevent postictal hy- acetaminophen, a second identical stimulation after 20 min also caused
poperfusion/hypoxia in the mouse hippocampus (Farrell et al., 2016, significantly longer and stronger nAD, as observed in the control condi-
2020). We therefore tested whether acetaminophen also affects the nAD- tion. Thus, the elicitation of stronger nAD during the second stimulation
induced decrease in baseline BOLD signals (Fig. 10). period did not depend on a previous decrease in baseline BOLD signals;
When 250 mg/Kg pody weight acetaminophen was applied 30 min be- it was caused solely by the previous stimulation. Again, stimulus-related
fore the onset of stimulation, neither pulse-induced neuronal responses BOLD signal changes matched the BOLD responses in control animals,
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but the subsequent increase was not as strong as during the control con-
dition.

In an associated experiment, we also checked whether ac-
etaminophen alone affects the development of baseline BOLD signals.
After injection of acetaminophen, baseline BOLD signals declined sig-
nificantly during the next 10 min and remained at this low level for
the following 20 min (Fig. 10C). In other words, when the perforant
pathway was electrically stimulated 30 min after acetaminophen appli-
cation, baseline BOLD signals were already at a low level.

4. Discussion

In the current study, we stimulated the right perforant pathway for a
short period with eight high-frequency pulse bursts to evoke with high
incidence nAD in the hippocampus, which lasted approximately 20 s.
The initial pulse-induced neuronal activity elicited a significant positive
BOLD response with a corresponding increase in CBV, consistent with
an expected functional hyperemia. However, subsequent nAD caused a
strong (i.e., more than 5%) and long-lasting (i.e., more than 30 min)
decrease in baseline BOLD signals as well as CBV in the hippocam-
pus, corresponding to a long-lasting functional hypoperfusion. The nAD-
induced decrease in baseline BOLD signals was not prevented by MK801,
an NMDA receptor antagonist, nor was it associated with signs of hy-
poxic metabolism. Furthermore, ongoing neuronal activity in the den-
tate gyrus that were disturbed by nAD recovered within 20 min; thus,
the long-lasting change in baseline BOLD signals did not reflect concur-
rent changes in ongoing neuronal activity. Pulse-induced neuronal ac-
tivity in the dentate gyrus also remained unchanged after baseline BOLD
was decreased. Thus, all the observed results rule out that the decline
in baseline BOLD signals reflects spreading depression (Ayata and Lau-
ritzen, 2015; Busija et al., 2007; Mathias et al., 2018) caused by nAD.
Once the baseline BOLD signals stabilized at the lower level, subsequent
nAD did not change baseline BOLD signals any further. Similarly, nAD
also did not cause a baseline BOLD shift when acetaminophen was al-
ready given before stimulation. However, this phenomenon was due to
the fact that acetaminophen alone already reduced baseline BOLD sig-
nals to the same extent that they were reduced under control conditions
by the first nAD. A limitation of this study arises from the distortions in
the EPI-fMR images caused by the electrodes, which interfere with a reli-
able assignment of the fMRI signals generated only in the dentate gyrus.
However, in all other subregions of the dorsal hippocampus, BOLD and
CBV values developed similarly to those in the dentate gyrus, so that
possible confounding volume effects remained rather negligible.

The results suggest that there are at least two relatively stable states
of blood supply in the hippocampus, one with a high blood supply and
one with a lower blood supply, with both states ensuring apparently
normal neuronal functions. Both nAD and acetaminophen are capable
of switching the blood supply from a stable high to a stable low state,
whereas the conditions that cause the opposite are still unknown. The
functional relevance and consequence of the presence of two distinct
stable blood supply states remains to be elucidated, but conceptually
it suggests that certain short-term neuronal activity has long-lasting ef-
fects on the vasculature. Moreover, this activity is not directly related to
subsequent neuronal activity. This, in turn, accounts for the fact that an
identical stimulus can produce different hemodynamic responses even
though it triggers similar neuronal activity.

4.1. How do BOLD and CBV signals follow neuronal activity?

There is a general assumption that a local increase in neuronal ac-
tivity causes functional hyperemia: A resulting increase in local blood
volume (as a result of increased blood flow) leads to greater capillary
and venous blood oxygenation (and in turn increases BOLD signals), be-
cause more oxygen is supplied than actually consumed (Attwell et al.,
2010). By contrast, there is no accepted general mechanism for a

12

Neurolmage 245 (2021) 118769

stimulus-related decline in BOLD signals. So far, the assumed mecha-
nisms are increased (mainly inhibitory) activity that is not supported
by a concurrent increased blood flow as well as a “blood steal” phe-
nomenon (Bressler et al., 2007; Harel et al., 2002; Pasley et al., 2007;
Schridde et al., 2008; Shmuel et al., 2006). In the current study, after
the first high-frequency pulse burst stimulation, we observed a transient
positive followed by a sustained negative BOLD signal change in the hip-
pocampus. This phenomenon is consistent with the observation that the
stimulus also produced two distinguishable forms of neuronal activity,
initially a synchronized, coordinated response to each individual elec-
trical impulse and then, with a short delay, nAD. We measured stimulus-
induced neuronal activity during two different fMRI experiments, once
in the absence of USPIO (BOLD signals) and once in the presence of
USPIO (CBV signals). We used an identical measurement sequence for
the two fMRI measurements, and thus the spatial and temporal resolu-
tion for imaging these two different hemodynamic parameters is also
the same.

Because the stimulation protocol did not always trigger nAD, we
could estimate BOLD and CBV signal changes caused by the initial,
electrical-pulse-triggered neuronal activity as well as the subsequent
nAD-triggered neuronal activity (Fig. 4). In all animals, initial BOLD
signals increased rapidly and reached the maximum value after 10 s in
animals. Thus, it should represent the BOLD response to pulse-related
neuronal activity, that is, eight population spikes (one per burst or sec-
ond) and up to 160 fEPSPs. Thereafter, BOLD signals declined rapidly
to the initial baseline in the absence of nAD or decreased only slowly
in the presence of nAD; in other words, BOLD signals decreased even in
the presence of significantly enhanced spiking activity (see Figs. 2C and
5). Thus, during nAD the BOLD signals did not obviously follow granule
cell activity.

In contrast to the BOLD signals, the changes in CBV signals were
more closely related to the measured parameters of granule cell ac-
tivity. In particular, during nAD—the period with the strongest spik-
ing activity—CBV also continued to increase. Because BOLD signals
represent a complex hemodynamic parameter that depends on both
CBV (controlled by cerebral blood flow) and tissue oxygen consump-
tion (CMRO,), changes in CMRO,, can be roughly estimated from the
two measured signals: BOLDgjoy = —CBVignay — CMRO,. Of note, the
CBV signal develops inversely to the actual CBV because the presence of
USPIO used to measure CBV reduces the MRI signal. The equation can
be rearranged to: CMRO, = —CBVe1, — BOLDgion,1. According to that,
CMRO, strongly increased during the period of nAD and even further
during and after termination of nAD (Figs. 5 and 6). Thus, the period in
which nAD are terminated is characterized by the highest oxygen con-
sumption, indicating that nAD termination is an active process rather
than the result of simple neuronal exhaustion.

The fact that energy depletion is not the main reason why termina-
tion of nAD is also supported by the observation that an identical stim-
ulation 1 min later, at a time point when CMRO,, was still at the highest
level, resulted in a similar pulse-related spiking and postsynaptic ac-
tivity (Fig. S5). However, population spike latencies were significantly
increased, indicating the presence of an additional inhibitory process
that was not active during the initial stimulation period. Similarly to
the population spike latency, CMRO, returned to the initial level during
the subsequent 2 min. Thus, we assume that the high oxygen consump-
tion at the end of nAD and especially after their termination represents
a highly active inhibitory mechanism that successfully counteracted the
seizure-like activity. According to the development of CMRO,, the activ-
ity of this inhibitory mechanism ceased after about 3—-4 min. This agrees
with previous observations that nAD were not induced when an identi-
cal stimulation was applied 2 min later (Helbing et al., 2017), but were
generated when the interval was extended to 5 min (Angenstein, 2019).
Based on this, we conclude that during nAD, inhibitory mechanisms be-
came transiently active and effectively suppressed seizure-like neuronal
activity. This highly oxygen-consuming (i.e., energy demanding) mech-
anism lasting for a short time (i.e., longer than 2 but less than 5 min)
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and could therefore not be responsible for the sustained decline in base-
line BOLD signals. In fact, only 3-4 min after termination of nAD, CBV
declined below the initial level, at a time point when nAD-induced in-
hibitory activity had vanished. In addition, during the period where re-
duced CBV was observed, tissue oxygen consumption returned to base-
line levels, suggesting that total neuronal activity returned to a level
similar to that before the onset of electrical stimulation. This finding is
also consistent with field recordings in the dentate gyrus (Fig. 6). Thus,
another mechanism has to be responsible for the sustained decline in
CBV and by it the sustained decline in baseline BOLD signals. Conceptu-
ally, two basic mechanisms are conceivable: first, long-term activation
of a vasoconstrictor mechanism (i.e., an active mechanism), and, second,
loss of a previously permanently active vasodilator mechanism (i.e., a
passive mechanism).

On the basis of the presented results, we hypothesize that the sus-
tained decrease in CBV after nAD reflects an inhibition of a previously
active vasodilatory mechanism rather than a sustained vasoconstric-
tion: (i) nAD-induced decline in baseline BOLD signals persisted for at least
2 h. The decline was still occasionally interrupted by spontaneous pos-
itive BOLD waves (Fig. S3), so the presence of permanent vasoconstric-
tion is unlikely, as previously observed after induction of tonic-clonic
seizures in mice (Tran et al., 2020). (ii) Neurovascular coupling mecha-
nisms remained intact after the decline in baseline BOLD signals. Whether
acetaminophen or nAD caused a baseline BOLD shift, subsequent stim-
ulation still produced positive hemodynamic responses (Figs. 9, 10 and
S5). (iii) nAD did not induce a persistent change in tissue oxygen consump-
tion (Fig. 6) or changes in lactate concentration (Fig. 8). Thus, there
is no metabolic marker for a sustained increased neuronal activity that
maintains vasoconstriction. (iv) nAD only triggered a transient change in
the quantity of ongoing neuronal activity. After termination of nAD, over-
all neuronal activity almost completely disappeared, but within 6 min it
had already returned to a level similar to that before the start of stimu-
lation. That is, there is also no electrophysiological evidence of contin-
uous increased neuronal activity that could have a lasting effect on the
vasculature. (v) The decrease in BOLD signals occurred despite increased
neuronal activity. The decrease in BOLD signals below baseline occurred
mainly during the period of secondary nAD (phase 4, Fig. 5), i.e., dur-
ing a period of markedly increased neuronal activity. However, when
acetaminophen was administered before stimulation, thus already caus-
ing a decrease in baseline BOLD signals, the same period of secondary
nAD resulted in a marked increase in BOLD signals. This suggests that
under control conditions at this time, the existing continuous vasodila-
tory activity disappeared, masking normal functional hyperemia.

The assumption that nAD terminates an ongoing constitutively ac-
tive vasodilatation supports previous findings suggesting that astro-
cytes provide constant vasodilation through a constitutive release of
prostaglandins via continuous COX-1 activity (Rosenegger et al., 2015).
In addition, hippocampal (excitatory) neurons are known to constitu-
tively express COX-2; thus, an additional source for the generation of
vasodilatory compounds may exist (Kaufmann et al., 1996; Lopez and
Ballaz, 2020; Pepicelli et al., 2005; Yamagata et al., 1993). Neuronal-
activity-dependent inhibition of COX enzymes has not yet been de-
scribed, whereas increased expression of COX-2 has been shown to per-
sist for at least 8 h after the onset of a spreading depression or epileptic
seizures (Takemiya et al., 2006). Whether the increased expression of
COX-2 is the result of prior enzyme inhibition is unclear. The fact that
acetaminophen and nAD caused a similar shift in baseline BOLD signals
and both treatments were not additive (i.e., nAD did not alter baseline
BOLD signals 30 min after acetaminophen administration) suggests that
both treatments may affect a common mechanism, in particular COX-
1/2-metabolite-mediated effects. In addition, acetaminophen is known
to activate cannabinoid CB1 and CB2 receptors as well as TRPV1 chan-
nels via its metabolite AM404, which is thought to mediate the analgesic
effect of this drug (Ohashi and Kohno, 2020). However, it is unlikely that
activation of these pathways was mainly responsible for the sustained
decrease in BOLD signaling in our experiments, because activation of
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CB1 tends to increase BOLD signals in rats (Shah et al., 2004), and TRPV
channels are poorly expressed in the rat hippocampus (Cavanaugh et al.,
2011).

All experiments were performed in the presence of the sedative
medetomidine to avoid motion artifacts that would likely occur dur-
ing the long scan time. However, medetomidine, as a noradrenergic
alpha2 agonist, also modifies central adrenergic functions and may
cause vasoconstriction by directly binding to corresponding receptors on
brain vessels, thereby itself causing a reduction in CBV (Jonckers et al.,
2015; Pawela et al., 2009; Weber et al., 2006). This effect depends on
the dose and delivery method—for example, topical versus systemic
(Jonckers et al., 2015). We cannot rule out such a confounding effect
of medetomidine on the observed long-lasting, stimulus-induced base-
line BOLD shift, in particular during later time points, that is, after
40 min when a decline in baseline BOLD signals occurred in the hip-
pocampus even under unstimulated conditions (Fig. 2D). In fact, it was
also observed that an approximately 5% decrease in BOLD signals was
caused by medetomidine after 30 min when the same bolus injection of
medetomidine was followed by a continuous i.v. injection of 0.3 mg/kg
body weight/ll medetomidine. This effect was not detectable with con-
tinuous i.v. administration of 0.1 mg/kg pody weight /h medetomidine
(Abe et al., 2017). However, in our study using 0.1 mg/kg pody weight /h
medetomidine, only in the regions directly activated by the hippocam-
pus (i.e., septum and mPFC) was there an additional decrease in BOLD
signals compared with the unstimulated animals, whereas in the regions
not directly affected by hippocampal efferents (i.e., right dorsal stria-
tum and cerebellum), BOLD signals declined similarly to those in the
unstimulated animals after a single stimulation of the perforant path-
way (Fig. S6). Thus, the stimulus-induced decrease in baseline BOLD
signals added to the medetomidine-induced decrease in baseline BOLD
signals. To minimize this confounding effect of medetomidine on over-
all hemodynamics, we considered only a period up to 30 min after the
initial stimulation phase in the current study. This does not rule out the
possibility that medetomidine had no prior effects on general hemody-
namics, as previously described (Sirmpilatze et al., 2019). According to
this study, medetomidine induces a transitional state that stabilizes af-
ter approximately 30 min. This time point also corresponds to the start
of our fMRI experiments and would also explain why the BOLD signals
remained constant for at least 40 min under control conditions.

4.2. Sustained decline in baseline BOLD signals as a biomarker for a
postictal period?

A short electrical high-frequency pulse burst stimulation of the per-
forant pathway elicited nAD, similarly to epileptic discharges. All nAD
episodes were followed by a period of almost complete loss of ongoing
activity before a second period of higher neuronal activity. In particu-
lar, during the second brief period of increased neuronal activity, BOLD
signals decreased and did not recover thereafter, although overall on-
going neuronal activity appeared to normalize. The decrease in BOLD
signals occurred only after triggering nAD and was not observed when
the same stimulation did not elicit nAD. Identical stimulation 20 min
later caused significantly stronger nAD, that is, local neuronal network
properties must have been altered in a long-lasting manner during the
first stimulation period. This is partly consistent with the observation
that after nAD the power of individual frequency bands also changed.
Thus, ongoing theta (4-8 Hz) and slow gamma (30-49 Hz) oscillation
did not return to the initial level within 20 min after nAD. This means
that many features of a postictal state and the observed drop in the
baseline BOLD signals coincide, namely triggering by seizure-like neu-
ronal activity, a long duration, and the presence of long-lasting altered
neuronal circuit properties. Although it is tempting to consider such a
baseline BOLD shift as specific marker for the presence/duration of a
postictal state, it should be noted that a similar change in baseline BOLD
signals was also observed after acetaminophen application alone, that is,
in a condition without epileptic discharges. Similarly, a baseline BOLD
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signal shift (after acetaminophen application) is not necessarily associ-
ated with altered neuronal network properties, as demonstrated by the
normal neuronal response during the first electrical stimulation after
acetaminophen application. Thus, a long-lasting baseline BOLD drop is
not a specific marker for a postictal state; rather, it is a useful, sensitive
biomarker to verify the emergence of a postictal state after brief epilep-
tic neuronal activity. Future work, possibly also using this experimental
approach, is needed to uncover the cellular mechanisms that may re-
verse the observed baseline BOLD decline, and then also to test their
effect on altered local neuronal network properties. In other words, this
experimental approach could be used as a screening system for com-
pounds that shorten the duration of the postictal state.
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