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Abstract

Preclinical models demonstrate that nearly all anesthetics cause widespread neuroapoptosis in the
developing brains of infant rodents and non-human primates. Anesthesia-induced developmental
apoptosis is succeeded by prolonged neuropathology in the surviving neurons and lasting cognitive
impairments, suggesting that anesthetics interfere with the normal developmental trajectory of
the brain. However, little is known about effects of anesthetics on stereotyped axonal pruning,

an important developmental algorithm that sculpts neural circuits for proper function. Here,

we proposed that neonatal ketamine exposure may interfere with stereotyped axonal pruning

of the infrapyramidal bundle (IPB) of the hippocampal mossy fiber system and that impaired
pruning may be associated with alterations in the synaptic transmission of CA3 neurons.

To test this hypothesis, we injected postnatal day 7 (PND7) mouse pups with ketamine or

vehicle over 6 h and then studied them at different developmental stages corresponding to

IPB pruning (PND20-40). Immunohistochemistry with synaptoporin (a marker of mossy fibers)
revealed that in juvenile mice treated with ketamine at PND7, but not in vehicle-treated controls,
positive IPB fibers extended farther into the stratum pyramidale of CA3 region. Furthermore,
immunofluorescent double labeling for synaptoporin and PSD-95 strongly suggested that the

This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

"Corresponding author. vesna.jevtovic-todorovic@cuanschutz.edu (V. Jevtovic-Todorovic).

Authors have contributed equally to the manuscript.
Author contributions
OHC, SMT, VJT, NQ and NU planned experiments and wrote the manuscript; OHC performed ex vivo electrophysiological
experiments and analyzed data; NU performed immunohistological experiments and analyzed the data. SM and MN performed
immunohistological experiments. All authors reviewed the manuscript.
All authors contributed to this work according to the International Committee of Medical Journal Editors guidelines.

Declaration of Competing Interest
The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Appendix A. Supplementary data
Supplementary data to this article can be found online at https://doi.org/10.1016/j.nbd.2022.105923.


https://creativecommons.org/licenses/by-nc-nd/4.0/

1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Cabrera et al.

Page 2

unpruned IPB caused by neonatal ketamine exposure makes functional synapses. Importantly,
patch-clamp electrophysiology for miniature excitatory postsynaptic currents (MEPSCs) in acute
brain slices ex vivo revealed increased frequency and amplitudes of mEPSCs in hippocampal CA3
neurons in ketamine-treated groups when compared to vehicle controls. We conclude that neonatal
ketamine exposure interferes with normal neural circuit development and that this interference
leads to lasting increase in excitatory synaptic transmission in hippocampus.
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1. Introduction

In modern neonatal medicine, use of anesthetics is necessary to perform life-saving
interventions with minimal discomfort or for prolonged sedation of children in intensive
care units. However, preclinical models demonstrate that nearly all anesthetics — as well

as sedative and anti-epileptic agents — cause widespread neurotoxicity in infant rodents

and non-human primates (Bittigau et al., 2002; Jevtovic-Todorovic et al., 2003; Creeley

et al., 2014). Anesthesia-induced developmental neurotoxicity leads to the apoptotic loss

of millions of neurons in brain regions that participate in higher order cognition. Indeed,
animals anesthetized as neonates have profound impairments in multiple cognitive domains
lasting into adulthood (Jevtovic-Todorovic et al., 2003; Paule et al., 2011). Alarmingly, over
a dozen clinical studies have associated neonatal anesthesia in human infants with cognitive
deficits in later life (Wilder et al., 2009; Flick et al., 2011; Ing et al., 2012, 2021; Lin et

al., 2017), and the US Food and Drug Administration recently warned clinicians to discuss
with parents the neurocognitive risks of anesthesia to the infant brain (U.S. Food and Drug
Administration, 2016, 2018).

The developing brain is most vulnerable to the neurotoxic effects of anesthetics during
synaptogenesis, a period of exuberant synapse formation, with presynaptic axons synapsing
with more postsynaptic targets than necessary (Tau and Peterson, 2010). Synaptogenesis is
followed by protracted refinement of neural circuitry at the microscopic and macroscopic
levels, which eliminates functionally inappropriate or quiescent connections between
neurons (Kantor and Kolodkin, 2003; Riccomagno and Kolodkin, 2015). A canonical
example of macroscopic neural circuit refinement is stereotyped axonal pruning in which
axon tracts transiently innervate populations of neurons before being dismantled as
development proceeds (O’Leary and Stanfield, 1986). This developmentally regulated
pruning algorithm is critical for normal brain development and occurs in many neural
circuits, including the infrapyramidal bundle (IPB) of the hippocampus (Cheng et al., 2001;
Bagri et al., 2003; Liu et al., 2005). However, possible effects of an early anesthesia
exposure on the axonal pruning in developing brain is not well studied.

The hippocampus is comprised of sequential neural circuits that process information in a
primarily feed-forward manner from dentate gyrus (DG) to CA3 to CA1 to subiculum.
Granule cell axons of the DG give rise to the main bundle (MB) of the mossy fibers
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system, which projects to the CA3 region of the hippocampus. The mossy fibers of

the MB permanently innervate the apical dendrites of CA3 neurons, while those of the

IPB transiently innervate basal dendrites of nearly all CA3 neurons (Fig. 1A). In early
neonatal life, the IPB traverses the length of CA3, releasing the excitatory neurotransmitter
glutamate onto large basal dendritic spines (Bagri et al., 2003; Liu et al., 2005). As
development proceeds, however, IPB fibers that are distal to DG are pruned beginning in
early adolescence — approximately at PND20 in rodents (Bagri et al., 2003) — leaving only
proximal branches and synapses by late adolescence (PND40; Fig. 1B).

Recently, we reported that neonatal anesthesia interferes with IPB pruning (Obradovic et
al., 2018). We found that mice anesthetized for 6 h with ketamine, a surgical anesthetic

of the glutamate A-methyl-p-aspartate (NMDA) receptor antagonist class, on PND7 had
abnormally long IPB length throughout adolescence. However, the functional consequences
of ketamine impairment of IPB pruning on the DG-CAS3 neural circuit are unclear.

We hypothesized that neonatal ketamine administration interferes with normal neural circuit
development in hippocampus by impairing IPB pruning. We further hypothesized that
impaired pruning would manifest functionally as increased synaptic transmission in CA3
neurons still receiving glutamatergic input from the unpruned IPB. We evaluated IPB length
and/or excitatory synaptic transmission at three developmental stages coinciding with the
window of IPB pruning (Fig. 1C): beginning of pruning (PND20), active pruning (PND30),
and end of pruning (PND40). We report that neonatal ketamine exposure impaired IPB
pruning and increased spontaneous excitatory synaptic transmission in CA3 neurons.

2. Materials and methods

2.1. Animals

We used litters of CD1 mouse pups of both sexes bred in-house and maintained on a 14/10
light-dark cycle. All procedures were approved by, and in accordance with, the University
of Colorado Anschutz Medical Campus Institutional Animal Care and Use Committee
protocols.

2.2. Neonatal ketamine administration

Ketamine is one of the few general anesthetics that is clinically used in pediatric intensive
care unit for prolonged sedation. Hence, we used an animal model where PND7 CD1 mouse
pups were injected intraperitoneally (IP) with a sedative dose of ketamine (Hospira, USA)
at 40 mg/kg, or an equal volume of vehicle every 90 min for a total of four injections

over 6 h. All mice injected with ketamine lost righting reflex, but generally responded

to painful stimuli (tail and toe pinch). Pups were maintained at 35 °C in temperature-
controlled anesthesia chambers (Harvard Apparatus, USA). After the 6 h experimental
period, pups were monitored until they recovered righting reflex and mobility, then they
were returned to their home cage. They were weaned on PND20 and used for morphometric
and electrophysiological studies on PND20, PND30, or PND40.
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2.3. Synaptic electrophysiology

2.3.1. Region of interest—Miniature excitatory postsynaptic currents (mEPSCs) were
recorded from acute hippocampal slices derived from PND20, PND30 or PND40 mice.
Using preliminary morphometric data, we computed that by PND30 in control animals,

the IPB was pruned to approximately 60% the length of CA3 as measured from the tip

of the inferior blade of the DG. Thus, we recorded from pyramidal CA3 neurons that

were approximately at 60% the length of CA3. Recording location was further confirmed
by neurobiotin histology (data not shown). This process was aided by the fact that CA3
pyramidal neurons have a unique morphology and larger diameter than other cell types

in CA3 (Cutsuridis et al., 2010). Our strategy ensured that we recorded from pyramidal
neurons that were likely still receiving glutamatergic input from the IPB.

2.3.2. Preparation—To preserve CA3 neuron integrity, we used sucrose-based
perfusion, cutting, and incubation solution with reduced sodium and calcium and increased
magnesium concentrations in modified from previous slice electrophysiology studies on the
mossy fiber system (Bischofberger et al., 2006b) in which horizonal slices are derived from
trimming the dorsal part of the brain before glued to the stage. We trimmed the ventral part
of the brain to achieve a similar effect to preserve the mossy fibers. Furthermore, consistent
with Bischofberger et al. (2006b), we used a vibratome (Leica VT 1200S; Leica Biosystems,
USA) with minimal vertical vibrations to obtain hippocampal slices in reduced sodium

and calcium and increased magnesium cutting solutions. The sucrose-based solution was
comprised of the following (in mM): NaCl 87, KCI 2.5, CaCl, 0.5, NaH,PO4 1.25, NaHCO3
25, p-glucose 25, Sucrose 75, and MgCl, 7. Osmolarity was restricted to ~320 mOSm and
pH adjusted to ~7.4.

At the determined experimental endpoint, mice were briefly anesthetized with isoflurane
and transcardially perfused with cold sucrose-based solution. Brains were rapidly extracted
on ice and chilled in carbogenated cold sucrose-based solution before being mounted on

a pre-chilled stage and submerged in cold sucrose-based solution for sectioning. Acute
hippocampal slices (300 um thickness) were obtained in the horizontal orientation to ensure
the integrity of mossy fiber axons. Slices were transferred immediately to an incubation
chamber of carbogenated, warm sucrose-based solution. Slices were allowed to recover

for 30 min at 35 °C followed by 15 min at room temperature. Our methodology allowed

for healthy slices and stable recordings from pyramidal neurons in the CA3 region of
hippocampus over the course of many hours.

2.3.3. Recordings—For mEPSC recordings, slices were transferred to a recording
chamber and continuously perfused with carbogenated, low calcium artificial cerebrospinal
fluid (ACSF) external solution for at least 10 min to flush any residual sucrose-based
solution from the slices. Low calcium ACSF external solution consisted of the following (in
mM): NaCl 125, KCI 2.5, CaCl, 0.5, NaH,PO4 1.25, NaHCO3 24, p-glucose 11, and MgCl,
1. Osmolarity was 300-310 mOsm and pH was ~7.4.

We recorded mEPSCs with internal solution which consisted of the following (in mM):
K-gluconate 135, NaCl 8, MgCI2 1, HEPES 10, EGTA 0.1, MgATP 4, and Na2GTP 0.3.
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Osmolarity was between 270 and 280 mOsm, and pH was ~7.3. Neurobiotin (1%) was
included in the internal solution to confirm the identity of the neuron.

In the patch-clamp configuration, CA3 neurons were held at =70 mV and mEPSCs were
isolated in the presence of 250 nM tetrodotoxin to block voltage-gated sodium currents

and 100 UM picrotoxin to block GABA inhibitory currents. When a gigaohm seal was
established, the cell was accessed and allowed to equilibrate for at least three minutes before
recordings. Membrane capacitance, series resistance, and tau (change in membrane potential
over time) were monitored continuously.

2.3.4. Inclusion criteria—Recordings in which the series resistance changed by >20%
were excluded from analysis. The threshold for inclusion in the dataset was a neuron with
at least 100 mEPSCs recorded over a three-minute epoch. Limits for mEPSCs were set at
2.5 times the root mean square of baseline noise and filtered via custom scripts written in
MATLAB (MathWorks, USA). We analyzed mEPSCs with pClamp 10 software (Molecular
Devices, USA) for frequency (Hz), amplitude (picoamps, pA), rise time (ms), and decay
(ms).

2.4. Immunohistochemistry and Immunofluorescence

Previously, we have shown impairment of IPB pruning following neonatal ketamine by
using calbindin immunohistochemistry to visualize the mossy fibers (Obradovic et al.,
2018). Here, we used synaptoporin (also known as synaptophysin-2), a presynaptic marker
which was reported to more selectively labels hippocampal mossy fibers (Singec et al.,
2002).

At the determined experimental endpoint, animals dedicated to histology were deeply
anesthetized with isoflurane and transcardially perfused with ice-cold phosphate buffered
saline (PBS) followed by 4% PFA. Brains were post-fixed in 4% PFA overnight at 4

°C, extracted the following day and embedded in 3% agarose for immediate sectioning
in coronal orientation at 50 pm thickness (Leica VT 1200S vibrotome; Leica Biosystems,
USA).

For immunofluorescence studies, free floating sections (one per well) were washed three
times in PBS plus 0.3% Triton X-100 to permeabilize the membranes. Slices were blocked
for 15 min in Background Sniper™ blocking solution (SKU:BS966; Biocare Medical, USA).
Slices were then briefly rinsed in PBS plus 0.3% Triton X-100 and incubated overnight at

4 °C with following antibodies: 1:250 guinea pig anti-mouse PSD-95 (124,014; Synaptic
Systems, Germany), 1:500 rabbit anti-mouse synaptoporin (102,002; Synaptic Systems,
Germany), and 1:500 mouse anti-mouse calbindin (sc-365,360; Santa Cruz Biotechnology,
USA). The following day, slices were washed three times with PBS plus 0.3% Triton
X-100, then incubated with the following secondary antibodies: 488 donkey anti-guinea

pig (706-545-148; Jackson ImmunoResearch, USA) at 1:500, 594 donkey anti-rabbit
(711-585-152; Jackson ImmunoResearch, USA) at 1:500, and 647 donkey anti-mouse
(715-605-150; Jackson ImmunoResearch, USA) at 1:500 to visualize PSD-95, synaptoporin
and calbindin, respectively. Brain slices were mounted onto Superfrost Plus microscopy
slides (12-550-15; Fisher Scientific, USA), coverslipped with VECTASHIELD Vibrance
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Antifade Mounting Medium (H-1700; Vector, USA) and kept at 4 °C until imaging. In
control experiments omitting single or multiple of the primary antibodies, no specific
staining was observed in their respective fluorescent channels.

2.5. Confocal imaging

Confocal images were obtained by a blinded observer at 10x or 60x on an Olympus
FV-1200 confocal laser scanning microscope (Olympus Corporation, Japan). For IPB length
quantification and synaptoporin/calbindin colocalization assessment, high resolution images
(2048 x 2048) were obtained at 10x as a 12—-14 um stack, with 2 um step size. For
qualitative histological assessment of synapses, high resolution (2048 x 2048) 60x images
were obtained under immersion oil as a 4-5 pm stack, with 0.5 pm step size.

2.6. Analysis of IPB pruning

To account for differences in brain size, IPB pruning was quantified by normalizing IPB
length to the length of CA3 (Fig. 1). To obtain consistent measurements of the IPB,
synaptoporin-stained coronal sections corresponding to —2.18 mm from bregma in The
Mouse Brain in Stereotaxic Coordinates (Franklin and Paxinos, 2008) were used for
analysis. At this level, the IPB emerges from the tip of the inferior blade of DG and
traverses CA3 through stratum oriens. Images were thresholded and size-filter was applied
for particles <0.5 pm radius to eliminate background noise. A blinded observer measured
the length of CA3 from the tip of the inferior blade of the dentate gyrus to the apex of
the CA3 curvature (“a”) (Fig. 2A and B). Then the IPB was measured from the tip of the
inferior blade of the dentate gyrus to its most distal portion (“b”). Normalized IPB length
was calculated as:

Normalized IPB length = IPB length (um )/ CA3 length (um) < > “b”/“ a”

Values were multiplied by 100 to express normalized IPB length as a percent length of CA3.

To gain further insight into the IPB pruning, we performed analysis of percent area of

stain of synaptoporin-labeled IPB en route through stratum oriens (Fig. 3C). The analysis
was done on thresholded binary images in three predetermined regions, each corresponding
to one-third of the CA3 length (“a” / 3), and labeled as “proximal”, “mid”, and “distal”
rectangular area, with regard to their proximity to the hilus of DG. The long axis of the
rectangle corresponded to one-third of the CA3 length in um (“a” / 3), and the short axis
was set at a fixed value of 100 pm. The analysis was performed in FIJI open-source software
(Schindelin et al., 2012) and expressed as percent area of stain within the given rectangle.

2.7. Experimental design and statistical analyses

IPB normalized length data were analyzed via two-way ANOVA (Treatment x Age)
followed by Sidak’s post-hoc analysis corrected for multiple comparisons. Area of stain
analysis was performed via multiple unpaired #tests followed by Holm-Sidak test to
correct for multiple comparisons. There were no sex differences at any developmental stage
(Supplementary Material, Table S1). Therefore, we collapsed data across sex for analysis
and presentation. Power analysis was based on previous studies (Digruccio et al., 2015;
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Obradovic et al., 2018) and conducted with G*Power software (Faul et al., 2007). Power
analysis suggested a minimum of six animals per group for IPB analysis and 20 neurons
per group for electrophysiology studies. Data were analyzed in Prism 9.3 (GraphPad, USA)
and JASP (University of Amsterdam, The Netherlands). a was set at 0.05, thus p-values
<0.05 were considered statistically significant. Data are expressed as Mean £ SEM. The
Kolmogorov-Smirnov test was used to calculate differences between cumulative frequency
distributions. Cohen’s d'effect size (mean difference between groups expressed in standard
deviations; 0.20 = small, 0.40 = medium, 0.80 = large) was calculated for all dependent
variables.

3. Results

3.1. Synaptoporin and calbindin as markers of mossy fibers

Previously, we have demonstrated impaired IPB pruning following neonatal ketamine
administration using calbindin as an IPB marker (Obradovic et al., 2018). Because calbindin
is broadly expressed in mouse hippocampus, we used synaptoporin (Singec et al., 2002) to
independently confirm our previous findings. Hence, we co-stained IPB with synaptoporin
and calbindin.

Regardless of age, we noted strong immunolabeling of IPB mossy fibers of animals
following either vehicle (Fig. 2A and C) or ketamine treatment (Figs. 2B and 3D). The
majority of synaptoporin immunoreactivity was confined to stratum oriens and stratum
lucidum (corresponding to IFB and MB fibers, respectively) (Fig. 2A and B). In addition

to regions stained with synaptoporin, calbindin-labeled hippocampal structures exhibited
immunoreactivity more broadly, extending further into the stratum radiatum, pyramidale and
lacunosum-moleculare, as well as layers of the dentate gyrus (Fig. 2C and D). Mossy fibers
of IPB were readily observable on either synaptoporin or calbindin staining. The general
appearance of the IPB was a bundle of fibers emanating from the hilus of the DG and
running in an anterolateral direction through stratum oriens. Axon collaterals of the IPB
curved from stratum oriens to stratum pyramidale where CA3 neurons are located. Because
synaptoporin immunoreactivity was more confined, virtually limited to stratum oriens and
stratum lucidum, compared to calbindin, we concluded that synaptoporin was more suitable
as a marker of mossy fiber system in the mouse hippocampus.

3.2. Neonatal ketamine treatment impaired IPB pruning

Next, we quantified IPB pruning by determining normalized IPB length between groups,
which was calculated as the length of the IPB divided by the length of CA3 (Fig. 3A and B).
Statistical analysis revealed significant main effect of Treatment (F = 12.66, p < 0.001) and
Age (F = 16.64, p<0.001). We did not observe a significant Treatment x Age interaction (F
=2.08, p=0.13).

At PND20, when IPB pruning is beginning, post hoc multiple comparisons revealed that

there was no difference in normalized IPB length between the vehicle (77.65% + 2.23; n=
10) and ketamine (79.45% =+ 3.48; n=9) groups, p=0.98, Cohen’s ¢=0.21 (Fig. 3D). At
PND30, when the IPB is being developmentally pruned, the IPB was about 13% shorter in
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mice treated with vehicle as neonates (62.56% + 3.86; /7= 12) compared to those treated
with ketamine (75.73% + 3.55; n=19), p=0.02, Cohen’s d= 1.09. At PND40, the IPB
remained about 15% longer in ketamine mice (66.11% = 3.50; n=9) relative to vehicle mice
(51.62% + 3.06; n=11), p=0.01, Cohen’s d=1.41.

To further elucidate whether pruning occurs proportionally along the length of the IPB,

or more heavily affects certain portions of the IPB, we performed analysis of synaptoporin-
stained area in three rectangular zones of stratum oriens traversed by the IPB, labeled with
regard to their proximity to DG (Fig. 3C). The percent area of stain was then compared
between ketamine and vehicle treatments for each of the timepoints — at PND20, PND30 and
PNDA40 — for each of the zones separately. In the area most proximal to the DG, we observed
no significant differences between treatments across all three timepoints (p= 0.49, p=0.64
and p=0.59 for PND20, PND30, and PND40, respectively) (Fig. 3E). Similarly, the percent
area of stain in the middle portion did not differ between treatments at any of the timepoints
examined (p=0.40, p=0.70 and p = 0.55 for PND20, PND30 and PND40, respectively).

In the area most distal to the DG, no difference was noted between ketamine and vehicle
groups when examined at PND20 (p = 0.87). Although percent area at PND30 were trending
towards higher values in ketamine treatment compared to controls, this was not statistically
significant (p = 0.08). However, when quantified at PND40, the percent area of stain was
about 2-fold higher in the ketamine group (0.34% = 0.05) compared with vehicle (0.15% +
0.04), p=0.03, Cohen’s d=1.28.

Taken together, these data indicate that neonatal ketamine exposure impaired the normal
developmental pruning of the IPB, and that this alteration is primarily affecting the most
distal portions of the IPB relative to DG.

3.3. Ketamine-induced impairment in IPB pruning and functional synapses

Our qualitative evaluation revealed that in juvenile mice treated with ketamine as neonates,
synaptoporin-positive IPB fibers extended into stratum pyramidale, which suggested

that the unpruned IPB in ketamine mice was innervating CA3 neurons. We performed
immunofluorescent double-labeling at the level of proximal third of IPB to assess if there
was evidence of functional synapses made by the IPB in PND40 vehicle and ketamine-
treated and vehicle-treated animals (Fig. 4). Sections were double labeled for PSD-95, a
postsynaptic scaffolding protein of glutamatergic excitatory neurons, and synaptoporin, a
marker of mossy fibers.

As expected, we found that at PNDA40 in both vehicle and ketamine mice, the IPB sent
synaptoporin-positive collaterals from stratum oriens into stratum pyramidale (Fig. 4A and
B). The fibers were studded with synaptoporin and PSD-95 positive nodules which were
likely large en passantboutons characteristic of the mossy fiber system (Liu et al., 2005).
Additionally, numerous smaller double-stained puncta were seen surrounding somas and
basal dendrites of the pyramidal neurons in either treatment groups. Hence, our qualitative
analysis of synaptoporin and PSD-95 positive boutons suggests that the remaining IPB
fibers at PND40 make functional synapses. We next used patch-clamp recordings from acute
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brain slices at different developmental ages to investigate possible differenes in synaptic
transmission between vehicle and ketamine treated cohorts.

3.4. Neonatal ketamine treatment increased excitatory synaptic transmission in CA3
neurons at the start of IPB pruning

Previous studies have demonstrated that spontaneous neurotransmitter release is important
for normal synapse development and maturation (Kavalali, 2014). Hence, we assessed
spontaneous excitatory synaptic transmission by recording mEPSCs in pyramidal CA3
neurons. Fig. 5A displays representative traces from PND20 juvenile mice treated with
vehicle (7= 8 mice, n= 22 neurons; |eft panel) or with ketamine (7= 9 mice, n=19
neurons; right panel) as neonates. At PND20, there was increased average frequency of
mMEPSCs in ketamine mice (8.70 Hz £ 0.95) versus vehicle mice (5.30 Hz + 0.75), p=0.009,
Cohen’s d=0.87 (Fig. 5B left panel). When we plotted the cumulative frequency of the
interevent interval, neonatal ketamine caused a leftward shift, indicating a higher frequency
of mEPSC events, p< 0.0001 by Kolmogorov-Smirnov test (Fig. 5B right panel).

There was no difference in the average amplitude of mEPSCs between the ketamine (-21.08
pA + 1.42) and vehicle (-=19.11 pA £ 0.87) groups, p= 0.25, Cohen’s d=0.36 (Fig. 5C left
panel) but a significant rightward shift in the cumulative frequency distribution of mEPSC
amplitudes in ketamine-treated mice, p < 0.001 by Kolmogorov-Smirnov test (Fig. 5C right
panel). However, there was also a slight decrease in rise time in ketamine mice (3.80 ms +
0.20) versus vehicle mice (4.24 ms £ 0.10), p = 0.04, Cohen’s ¢ = 0.65 (Fig. 5D). There was
no difference in decay between the ketamine (8.91 ms + 0.51) and vehicle (8.01 ms £ 0.45)
groups, p=0.20, Cohen’s d=0.41 (Fig. 5E). Taken together, our data shows that neonatal
ketamine exposure caused increased frequency and amplitudes in synaptic transmission of
CA3 neurons and a moderate shift towards faster excitatory events.

3.5. Neonatal ketamine treatment increased excitatory synaptic transmission of CA3
neurons at later developmental stages

To study synaptic transmission at later developmental age, we combined PND30 and PND40
cohorts to minimize the number of animals used for mEPSC recordings. Fig. 6A displays
representative traces from vehicle (n= 11 mice, 7= 30 neurons; left panel) and ketamine
(n=12 mice, n= 22 neurons; right panel) mice. There was increased average frequency

of mEPSCs in mice treated with ketamine as neonates (8.86 Hz + 0.65) compared to those
treated with vehicle (6.42 Hz £ 0.67), p= 0.01, Cohen’s d=0.72 (Fig. 6B left pand).

At PND30 + PNDA40, neonatal ketamine treatment caused a leftward shift in cumulative
frequency of the interevent interval of all events, also indicating a higher frequency of
MEPSC events, p < 0.001 by Kolmogorov-Smirnov test (Fig. 6B right panel).

There was also a moderate increase in the average amplitude of mEPSCs in ketamine-treated
mice (-23.87 pA % 2.14) compared to vehicle mice (-18.86 pA + 0.86), p=0.04, Cohen’s
d=0.64 (Fig. 6C left panel) and a significant rightward shift in the cumulative frequency
distribution of MEPSC amplitudes, £ < 0.001 by Kolmogorov-Smirnov test (Fig. 6C right
panel). In contrast, there was no difference in rise time kinetics in ketamine mice (3.97 ms £
0.19) versus vehicle mice (4.16 ms = 0.14), p=0.41, Cohen’s d= 0.23 (Fig. 6D). Similarly,
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there was no difference in decay kinetics in ketamine (7.35 ms + 0.38) versus vehicle (7.65
ms £ 0.29), p=0.52, Cohen’s d=0.18 (Fig. 6E). We conclude that neonatal ketamine
treatment significantly increased both frequency and amplitudes of mEPSCs in pyramidal
CA3 neurons.

Finally, to quantify the functional mossy fiber-CA3 synapses, we analyzed the high
amplitude mEPSCs (>45 pA) in PND30 + 40 ketamine and vehicle-treated mice (Henze

et al., 1997). Events with the amplitudes >45 pA were counted and expressed as percentage
of total number of recorded events. We observed a significant, 2.5-fold increase in percent
of high amplitude mEPSCs in ketamine-treated mice (6.34% + 1.76) compared to vehicle
mice (2.51 £ 0.65), p=0.03, Cohen’s d= 0.65 (Supplementary Material, Fig. S1). Based on
these results, we conclude that neonatal ketamine administration resulted in more functional
mossy fiber-CA3 synapses compared to age-matched, vehicle-treated controls.

4. Discussion

The key takeaways from the current study are that neonatal ketamine treatment causes
impaired stereotyped axonal pruning of the IPB and increased excitatory synaptic
transmission of CA3 neurons in juvenile hippocampus. Notably, these neuropathological
alterations occurred and persisted weeks after the initial anesthetic insult, suggesting that
anesthetics during infancy can cause long-term dysregulation of neural circuit formation and
function.

4.1. Neonatal ketamine impairs IPB pruning

Stereotyped IPB pruning was impeded by neonatal ketamine treatment. Stereotyped axonal
pruning is a developmental algorithm that sculpts neural circuits following the exuberant
synapse formation that occurs during synaptogenesis (Bagri et al., 2003; Kantor and
Kolodkin, 2003). The IPB undergoes substantial stereotyped axonal pruning in the juvenile
period in rodents, retracting hundreds of microns towards its source neurons in DG (Bagri et
al., 2003). At all juvenile developmental stages, we documented complex variations in IPB
morphology, but, in general, the IPB collateralized extensively into CA3 stratum pyramidale
en route through stratum oriens. As normal development progressed, collaterals distal to
DG were lost, leaving only proximal collaterals that innervated CA3. In mice treated with
ketamine, however, the IPB remained abnormally long, projecting significantly farther into
the distal portions of CA3 compared with age-matched, anesthesia-naive controls.

In rodent models of status epilepticus and in humans with temporal lobe epilepsy, injury
to DG causes the IPB to denervate CA3 neurons (Blumcke et al., 2000; Isgor et al.,

2015). CA3 denervation is followed by protracted IPB growth as DG granule cells sprout
new axons that make inappropriate, recurrent connections to neighboring cells, which
contributes to epileptogenesis (Haussler et al., 2016). Given the increased excitatory
synaptic transmission we documented in the current study, we speculate that excessive,
age-inappropriate glutamate neurotransmission from the unpruned IPB might contribute to
seizure-like activity in hippocampus.
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Moreover, the DG-CAZ3 circuit is remodeled after other neonatal neuronal injuries. Similar
to anesthetics used for legitimate medical purposes, ethanol is a potent developmental
apoptogen when abused by pregnant mothers (Olney et al., 2002a, 2002b). Interestingly,
ethanol possesses both NMDA receptor antagonist (Lovinger et al., 1989; PL et al., 1989)
and inhibitory y-aminobutyric acid (GABA) receptor agonist properties (Harris et al., 1995).
Furthermore, previous studies have documented that adult rodents exposed to ethanol in
utero also have abnormally long IPB fibers that inappropriately impinge on distal CA3
neurons (West et al., 1981). Thus, it is possible that anesthetics that are GABA modulators
or that have dual pharmacology also alter the normal morphology and function of the mossy
fiber system by interfering with stereotyped axonal pruning.

4.2. Unpruned IPB forms boutons

Our confocal images suggested that in mice treated with ketamine as neonates, the unpruned
IPB formed functional synapses with CA3 neurons. As the unmyelinated axons of the mossy
fiber system course through stratum pyramidale, they produce en passant boutons arranged
as large and elaborate synaptic complexes (Amaral et al., 2007). Ultrastructural studies

have shown that in early development, IPB boutons on the basal dendrites of CA3 neurons
are comprised of multiple asymmetrical synapses that are positive for vesicular glutamate
transporters and for NMDA receptor subunit 1 (Liu et al., 2005), markers of glutamatergic
synapses.

When we double labeled IPB for synaptoporin and PSD-95, there was clear evidence

of IPB boutons in stratum pyramidale of CA3 at PND40, in both ketamine- and vehicle-
treated mice. Within stratum pyramidale, synaptoporin and PSD-95 positive boutons formed
clumps. These observations imply that the unpruned IPB likely forms functional synapses
with CA3 neurons, which is supported by our electrophysiology data.

4.3. Excitatory synaptic transmission is chronically altered

Because the primary neurotransmitter of the mossy fiber system is glutamate (Crawford and
Connor, 1973), we posit that impaired pruning of the IPB caused by neonatal ketamine
treatment may be associated with altered function of excitatory synaptic transmission
in CA3 neurons. Previous studies have demonstrated that spontaneous neurotransmitter
release is particularly important for normal synapse development, maturation, and
plasticity (Kavalali, 2014; Andreae and Burrone, 2018). Hence, we chose to focus on a
neurotransmission modality that is relevant to normal brain development and that may
be altered following neonatal anesthesia. Indeed, in our measures of excitatory synaptic
transmission, we found higher frequency and amplitudes, as well as faster kinetics of
mMEPSCs in ketamine treated group, which strongly suggest that both presynaptic and
postsynaptic mechanisms are involved, respectively.

Notably, changes in frequency were apparent in the early juvenile period at the beginning

of IPB pruning and persisted throughout the developmental pruning window, consistent
with long-term dysregulation of excitatory neurotransmission. Additionally, more prominent
increases in the amplitude of MEPSCs that we observed at later developmental stages may
indicate more vesicular glutamate and/or enlargement of glutamate vesicles in mice treated
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with ketamine as neonates. Our data are consistent with previous studies that reported

that the acute effects of ketamine and other NMDA receptor antagonists on synaptic
plasticity in the hippocampal CA1 region could be mimicked by selective suppression

of spontaneous, action potential independent synaptic release by depleting spontaneously
recycling vesicles (Nosyreva et al., 2013). Importantly, it is well documented that mMEPSCs
are involved in rapid synaptic homeostasis and serve to stabilize synaptic function (Sutton et
al., 2006; Huupponen et al., 2007). Furthermore, spontaneous synaptic release is altered in
several brain regions following neonatal anesthesia exposure as we demonstrated previously
(Digruccio et al., 2015; Dalla Massara et al., 2016; Woodward et al., 2019). Hence, we
speculate that effects of ketamine on the amplitude and frequency of mEPSCs that we
observed at PND20 may drive synaptic stability and thus less pruning at PND30-40.

Neonatal ketamine treatment also affected parameters of postsynaptic excitatory
transmission. As pruning began, we documented shortened rise times of mEPSC events
and, in later developmental stages, we noted a 25% increase in mEPSC amplitude. Changes
in rise time and amplitude may suggest altered postsynaptic glutamate receptor Kinetics

or the number or types of receptors activated. For example, the ionotropic alpha-amino-3-
hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptor mediates fast excitatory
neurotransmission, and AMPA currents tend to have faster kinetics and larger amplitude
events than those generated by glutamatergic kainate or NMDA receptors. Following
neonatal exposure to a triple anesthetic cocktail of midazolam, isoflurane, and nitrous
oxide, DiGruccio and colleagues (2015) documented hyperexcitability of the thalamocortical
neural circuit that manifested as an increase in the AMPA component of excitatory currents.
A similar alteration in AMPA-mediated neurotransmission may be responsible for our
observation of shortened rise times and larger amplitude of excitatory events. Alternatively,
faster rise times of mMEPSCs in the ketamine-treated group could be due to more dense
excitatory synapses further away from the soma, or a change in the maturation of CA3
pyramidal cells, as well as indirect effects due to increased branching of CA3 neurons.

There are some limitations to the current study. Given that CA3 neurons receive massive
excitatory input from the mossy fibers which synapse on the proximal (to soma) areas

of the apical and basal dendritic trees, these strong synapses provide fast excitatory
synaptic transmission in CA3 because of their size and large pool of glutamatergic vesicles
(Bischofberger et al., 2006a). However, neuronal excitation in CA3 is driven by multiple
synaptic inputs, including from local CA3 granule cells (Szabadics et al., 2010), recurrent
CA3-CA3 synapses, and perforant path fibers (Yeckel and Berger, 1990). Importantly,
mEPSCs with the amplitudes >45 pA were in previous study specifically linked to mossy
fibers-CA3 synapse (Henze et al., 1997) and we found that these events were increased

in ketamine mice when compared to vehicle group. While it is reasonable to infer that

the mEPSCs recorded in this study originated mainly from mossy fiber axons of the MB
and of the IPB, the precise presynaptic contributions to the excitatory input of pyramidal
CA3 neurons in our preparation is not known. Thus, understanding how neonatal ketamine
anesthesia affects these contributions could be an important area of future investigation.
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4.4. Future outlook

Dysregulation of pre- and postsynaptic neurotransmission mechanisms caused by neonatal
ketamine exposure is expected to degrade the computational efficacy of DG-CA3 neural
circuitry. The hippocampus is comprised of sequential neural circuits that process
information in a primarily feed-forward manner from DG to CA3 to CA1 to subiculum,

and we have now documented substantial neuronal plasticity and transmission impairments
in each of these circuits. For example, prolonged neonatal exposure to the triple anesthetic
cocktail or to ketamine impaired long-term potentiation — the cellular mechanism of learning
and memory — in CA1 and subiculum (Jevtovic-Todorovic et al., 2003; Manzella et al.,
2020).

Neurons in thalamus project to corresponding areas of sensory cortex, but some
thalamocortical axons collateralize transiently into adjacent areas before they are eliminated
in later development (Naegele et al., 1988; Catalano et al., 1996). Given thalamocortical
network hyperexcitability following exposure to a triple anesthetic cocktail (Digruccio

et al., 2015), impaired pruning of these transient collaterals by neonatal anesthesia may
explain, in part, the disruption of excitatory neurotransmission in thalamocortical circuitry.
Thus, an important and unanswered question is whether neonatal anesthesia interferes
with stereotyped axonal pruning of other neural circuits that contribute to higher-order
cognitive function. Future studies may also be expanded to investigations of ketamine-
induced plasticity of evoked synaptic responses in the CA3 region of hippocampus, as we
have done previously in the thalamus following neonatal exposure to a triple combination
of midazolam, isoflurane, and nitrous oxide (Digruccio et al., 2015) and to a double
combination of isoflurane and nitrous oxide (Woodward et al., 2019).

5. Conclusions

Anesthesia-induced developmental neurotoxicity causes the apoptotic death of millions

of otherwise healthy neurons in the developing brain. However, the neuropathological
consequences of neonatal anesthesia are evident even in neurons that survive the insult.
Anesthetics can dysregulate the genome and epigenome (Dalla Massara et al., 2016;
Chastain-Potts et al., 2020; Cabrera et al., 2021), change neuronal and synaptic morphology
(Sanchez et al., 2011; Boscolo et al., 2013), and alter neurotransmission (Digruccio et al.,
2015; Joksimovic et al., 2020). Indeed, our functional studies strongly suggest that neonatal
exposure to general anesthetics can lead to disruptions of circuit development independent
of cell death.

In the current study, neonatal ketamine administration impaired stereotyped developmental
pruning of the IPB, an axonal tract of the DG-CA3 neural circuit of hippocampus.

We also documented increased excitatory synaptic transmission in CA3 neurons. These
neuropathological alterations occurred and persisted for weeks after the initial anesthesia
exposure. Taken together, our data indicate that anesthetics are potent neurotoxic agents
capable of substantially altering the normal developmental trajectory of the mammalian
brain.
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Sig: 1. Diagrams of stereotyped axonal pruningin the IPB of hippocampus and of experimental
esign.

A. I?1 early rodent postnatal development, the IPB of the mossy fiber system arises from

the axons of DG granule neurons. IPB fibers send axon collaterals that innervate the basal
dendrites of neurons in CA3. B. Starting around PND20, the IPB undergoes stereotyped
axonal pruning that continues until at least PND40. IPB axons distal to DG are pruned
hundreds of microns towards source neurons in DG. When the pruning window closes, the
IPB is short, innervating neurons more proximal to the DG. C. PND7 mice were injected
with 40 mg/kg ketamine or vehicle then subjected to electrophysiological and histological
analyses at three developmental stages coinciding with the window of IPB pruning early
pruning (PND20), active pruning (PND30), and late pruning (PND40). Normalized IPB
length was the measure of IPB pruning and calculated as the length of the IPB (dashed gray
bracket in A. and B.) divided by the length of CA3 (solid black bracket in A and B). Created
with BioRender.com.

DG, dentate gyrus; IPB, infrapyramidal bundle; MB, main bundle; PND, postnatal day.
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Vehicle Ketamine

Fig. 2. Dual immunofluorescence staining indicates that synaptoporin more specifically labels
mossy fiber system in mouse hippocampus compared to calbindin.

Dual immunofluorescence staining of synaptoporin (top panels — red) and calbindin (bottom
panels — cyan) of representative PND40 animals following neonatal administration of
vehicle (A, C) or ketamine (B, D). Synaptoporin brightly stained mossy fibers of IPB and
MB in stratum oriens and stratum lucidum, respectively; other areas were virtually devoid
of the stain. Conversely, calbindin more broadly labeled hippocampal structures, extending
into the stratum radiatum, stratum lacunosum-moleculare and dentate gyrus, in addition to
areas that were also positive for synaptoporin. Virtually all synaptoporin-labeled structures
showed almost complete colocalization of calbindin-stain; the reverse was not true. In all
cases, IPB is readily observable as a bundle of fibers emanating from the tip of the inferior
blade of the dentate gyrus, traversing the stratum oriens beneath the main bundle. Scale bar
— 200 pm. (For interpretation of the references to colour in this figure legend, the reader is
referred to the web version of this article.)

DG, dentate gyrus; IPB, infrapyramidal bundle; MB, main bundle; s.I.m., stratum
lacunosum-moleculare; s.1., stratum lucidum; s.o., stratum oriens; s.p., stratum pyramidale;
s.r. stratum radiatum.
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Fig. 3. Neonatal ketamine treatment impair s stereotyped axonal pruning in hippocampus.
Left panels show examples of measurements performed on a PND20 ketamine-treated

animal. Panel A represents compressed 12 uM thickness stack of synaptoporin-stained
coronal hippocampal section obtained with 10x objective and very high resolution (2048

x 2048). The compressed stack was thresholded and size-filtered for particles <0.5 uM
diameter to eliminate the background noise (B). Measurements of CA3 MB (a) and IPB
length (b) were then taken from the tip of the inferior blade of the DG, and normalized IPB
ratio was obtained by dividing the two measurements (b/a). Next, the area that IPB traverses
was divided into three rectangular areas (C) spanning exactly the distance measured with
“a”. The long axis of the rectangle equaled one-third of the MB length (a/3), whereas the
short axis was constant and set at 100 um for all images. The results were expressed as
percent area positive for synaptoporin. Analysis of normalized IPB length (D) revealed that
animals subjected to ketamine as neonates had significantly longer IPB at both PND30

and PND40 compared to vehicle counterparts (asterisks). Furthermore, IPB lengths between
consecutive timepoints were significantly different in vehicle controls (pounds); in ketamine,
they were not. Further analysis of IPB pruning revealed that percent area positive for
synaptoporin immunolabeling was significantly higher in the most distal portions relative

to DG in PND40 ketamine-treated animals compared to age and area-matched vehicle
counterparts (E), indicating that distal sections of IPB were most affected by the process of
stereotyped pruning. Scale bar — 200 um.
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DG, dentate gyrus; IPB, infrapyramidal bundle; MB, main bundle; PND, postnatal day.
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Fig. 4. Remaining | PB fiberslikely make functional synapseswith pyramidal layer neurons at
PNDA40.

Immunofluorescence co-labeling of PSD-95 (green) and synaptoporin (red) in PND40
animal following neonatal vehicle (left panel) or ketamine (right panel), visualized with
60x objective. Multiple collaterals were observed emanating from the remaining IPB

fibers as they migrate towards the MB. As these collaterals crossed the pyramidal layer,
multiple large nodules (arrows) were detected in close proximity to PSD-95 positive
pyramidal neurons, possibly en passant synapses, and also numerous small puncta around
cell soma and basal dendrites. These histomorphological features of putative connections
are indicative of functional synaptic connections between the presynaptic IPB terminals and
CA3 pyramidal neurons. Insert is the 10x magnification image showing the location from
which the 60x% images were obtained. Scale bar — 20 pm. (For interpretation of the references
to colour in this figure legend, the reader is referred to the web version of this article.)

IPB, infrapyramidal bundle; MB, main bundle; PND, postnatal day.
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Fig. 5. Neonatal ketamine exposure increases excitatory synaptic transmission in CA3 at PND20.
A. Left panel shows representative trace of mEPSCs recorded from a juvenile mouse

treated with vehicle as a neonate. Right panel displays representative trace of mEPSCs
recorded from a mouse treated with ketamine as a neonate. Asterisks mark mEPSCs. B.
Mice treated with ketamine as neonates (/7= 9 mice, 7= 19 neurons) had significantly
increased frequency of mMEPSCs in CA3 neurons compared to those treated with vehicle (n
= 8 mice, n= 22 neurons) (left panel) and a significant leftward shift in the cumulative
frequency of the interevent interval (right panel). C. There was no change in the average
amplitudes of mEPSCs between groups (left panel), but there was a significant rightward
shift in cumulative frequency of mMEPSC amplitude (right panel). D. Neonatal ketamine also
significantly shortened rise time of mMEPSC events compared to vehicle. E. There was no
change in decay of mMEPSCs between groups.

MEPSC, miniature excitatory postsynaptic current; PND, postnatal day.
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Fig. 6. Neonatal ketamine exposure significantly increased frequency and amplitudes of mMEPSCs
at later (PND30 and PND40) developmental stages.
A. Left panel shows representative trace of mEPSCs recorded from a vehicle treated mouse

in later juvenile development. Right panel shows representative trace of mMEPSCs from a
mouse treated with ketamine as a neonate. Asterisks mark mEPSCs. B. Mice treated with
ketamine as neonates (7= 12 mice, n= 22 neurons) had higher average frequency of
mMEPSCs compared to mice that received vehicle (7= 11 mice, 7= 30 neurons) (left panel)
and a leftward shift in mEPSC interevent interval (right panel). C. Neonatal ketamine
caused an increase in average amplitude of mEPSCs compared to vehicle (left panel) and a
rightward shift in cumulative frequency of mEPSC amplitude (right panel). D. There was
no change in mEPSC rise time between groups. E. There was no change in mEPSC decay
between groups.

mMEPSC, miniature excitatory postsynaptic current; PND, postnatal day.
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