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1 | INTRODUCTION

Stroke is one of the major causes of death and disability
worldwide [1]. After stroke, the quality of life of the
patients is often deficient, with constant care needed for
the rest of the individual’s life. Moreover, stroke is

Significant progress has been made with regard to understanding how the
adult brain responds after a stroke. However, a large number of patients con-
tinue to suffer lifelong disabilities without adequate treatment. In the present
study, we have analyzed possible microanatomical alterations in the contrale-
sional hippocampus from the ischemic stroke mouse model tMCAo
12-14 weeks after transient middle cerebral artery occlusion. After individu-
ally injecting Lucifer yellow into pyramidal neurons from the CAl field of
the hippocampus, we performed a detailed three-dimensional analysis of the
neuronal complexity, dendritic spine density, and morphology. We found that,
in both apical (stratum radiatum) and basal (stratum oriens) arbors, CAl
pyramidal neurons in the contralesional hippocampus of tMCAo mice have a
significantly higher neuronal complexity, as well as reduced spine density and
alterations in spine volume and spine length. Our results show that when
the ipsilateral hippocampus is dramatically damaged, the contralesional
hippocampus exhibits several statistically significant selective alterations.
However, these alterations are not as significant as expected, which may help to
explain the recovery of hippocampal function after stroke. Further anatomical
and physiological studies are necessary to better understand the modifications
in the “intact” contralesional lesioned brain regions, which are probably
fundamental to recover functions after stroke.

KEYWORDS
contralesonal hemisphere, dendritic spines, intracellular injections, neuronal complexity, tMCAo

considered a high-risk factor for cognitive impairment
and dementia [2-4]. In stroke research, numerous studies
suggest that the failure of performance in multiple
regions of the brain after a stroke could be explained by
the so called Monakow’s theory of diaschisis. This theory
describes neurophysiological alterations in areas that are
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distant from a focal brain lesion, including changes in
blood flow, metabolism, atrophy, and alterations in glu-
cose metabolism [5-8]. Accordingly, this concept could
explain how after stroke, remote regions anatomically
connected to the infarcted area are also affected and
therefore influence neuronal functional recovery [9-11].
Thus, diaschisis in the contralesional hemisphere could
be explained by deafferentation, defined as a loss of neu-
ronal input from the damaged area [12].

However, despite the enormous clinical and preclinical
advances in understanding the acute and life-threatening
consequences of stroke in recent decades, new and more
effective therapeutic approaches are clearly required.

In humans, numerous brain regions may be exposed
to ischemic stroke, depending on the location of the
lesion, including the hippocampal formation. This region,
together with the perirhinal area and the posterior para-
hippocampus, constitutes the mesial memory system,
which plays a crucial role in the processing and consoli-
dation of memory. Accordingly, in the present study we
have focused on the possible alterations of the principal
cells in the contralesional hippocampus, namely the pyra-
midal neurons. The hippocampal formation is a structure
of bidirectional information flow from all cortical asso-
ciative regions of the central nervous system [13, 14], and
it has been demonstrated that it is involved in the con-
solidation of both semantic and episodic declarative
memory. In addition, it participates in the elaboration of
visuospatial memory, which involves the memory of
spatial configurations [13, 15].

The CA1 field of the hippocampus is one of the most
extensively studied regions of the cerebral cortex. This hip-
pocampal field receives and integrates a massive amount
of information, playing an essential role in the functioning
of the proper hippocampal circuitry [16]. Moreover, it has
been suggested that memory-related hippocampal dysfunc-
tion may be due to structural and functional alterations in
the hippocampus and/or in neocortical regions linked to
working memory functions [17-19].

The main apical, collateral, and basal dendrites of
pyramidal cells are considered to be synaptic input units,
set up as different cellular compartments, which receive
and integrate different presynaptic excitatory and inhibi-
tory inputs, acquiring particular connection and func-
tional characteristics [20-23]. The morphology and
complexity of the different cellular compartments influ-
ence the biophysical and computational properties of the
neurons, and the formation of the synaptic connections
then modulates cortical circuitry [24-29].

Another fundamental characteristic of pyramidal cells
is that their dendrites are covered with dendritic spines
(for simplicity, spines). Spines are generally considered as
plastic structures crucial to memory, learning, and cogni-
tion, whose formation and elimination have been linked
to memory storage capacity [30-33].

Spines are the major postsynaptic elements of excit-
atory glutamatergic synapses [33-35], and alterations in
spine density and morphology influence the cortical

circuitry, and therefore affects proper brain function
[36-39]. Moreover, it is widely assumed that the stability
of spines and dendrite arbors is crucial for the proper func-
tioning of the adult brain, and possible alterations could be
associated with common neurological disorders including
stroke [40]. Several studies have shown that specific treat-
ments and rehabilitation training could modulate the neuro-
nal complexity and synaptic activity after stroke in the
cerebral cortex, including the hippocampus [41-43].

Importantly, it has been demonstrated that pyramidal
neurons are more susceptible to ischemic stroke than other
neuronal types [44] and that the preservation of pyramidal
cells may represent an important plastic potential after
stroke [45]. Therefore, the study of possible microanatomi-
cal changes in CAl pyramidal neurons in the contrale-
sional hippocampus after experimentally induced ischemic
stroke serves as an excellent opportunity to advance in the
knowledge of diaschisis to better explain brain dysfunction
after stroke in a distant brain region.

Using the same experimental stroke model, we have
previously reported that in the contralesional somatosen-
sory cortex (SSCx), pyramidal neurons from layer III
showed selective morphological alterations in the complex-
ity of the dendritic arbor and spine morphology [46]. In the
present study, we have analyzed whether dendritic com-
plexity, spine density, and morphology are impaired in
CA1 pyramidal neurons from the contralesional hippocam-
pus after stroke, using intracellular injections of Lucifer yel-
low (LY) to reconstruct single CA1 pyramidal neurons.

Our results show that ischemic stroke induces a signifi-
cantly higher complexity and reduction in spine density as
well as changes in spine morphology in both apical and
basal arbors, in the contralesional CAl pyramidal neu-
rons. Our findings also suggest that these changes differ
from those observed in pyramidal neurons of the SSCx.

2 | MATERIALS AND METHODS

2.1 | tMCAo model

Experiments were performed on adult male C57BL/6N
mice (12-16 weeks old; body weight, 23-26 g; Charles
Rivers Laboratories). All experimental procedures were
conducted in accordance with European regulations, the
ethical committee of Upper Bavaria (Vet 2-15-196) and
in compliance with the ARRIVE (Animal Research:
Reporting In Vivo Experiments) criteria [47].

Transient middle cerebral artery occlusion (tMCAo0)
was performed on the left middle cerebral artery. Then,
reperfusion was induced by withdrawal of the filament
after 1 h of occlusion, as previously described else-
where [48]. The occlusion was confirmed by decreased
regional cerebral blood flow (CBF) monitored by a
laser Doppler probe fixed to the skull above the
tMCAo territory and a pulse oximeter monitored the
vital parameters. Sham-operated mice underwent the
same surgery without occlusion of the MCA and
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received the same post-operative care (see Reference [46]
for further details).

2.2 | Intracellular injections, confocal
microscopy acquisition and 3D microanatomical
reconstruction in CA1 pyramidal neurons

For LY intracellular injections, 12-14 weeks after
tMCAo induction, the animals were anesthetized by
intraperitoneal injection of midazolam (5 mg/kg; Braun,
Melsungen, Germany), fentanyl (0.05 mg/kg; Jansen-
Cilag, Neuss, Germany), and medetomidine (0.5 mg/kg;
Pfizer, Karlsruhe, Germany), and then intracardially per-
fused with phosphate buffer pH 7.4 (PB) followed by 4%
paraformaldehyde (PFA). The brains were then postfixed
in PFA for 24 h. Coronal sections (150 um-thick, 24 sec-
tions per animal) were obtained on a vibratome and were
then prelabeled with 4,6 diamino-2-phenylindole (DAPI;
Sigma, St Louis, MO) to visualize the nuclei. LY (LY;
8% in 0.1 M Tris buffer, pH 7.4) was applied by continu-
ous current to each individual CA1 pyramidal cell until
the individual dendrites of the cell could be traced to an
abrupt end at their distal tips (that fluoresced brightly)
and their spines were readily visible. In addition, the fluo-
rescence did not diminish at a distance from the soma,
indicating that the dendrites were completely filled [49].
Finally, the sections were mounted in glycerol (50% in
0.1 M PB, 0.1% azide) and analyzed using confocal
microscopy. In addition, adjacent sections (50 um either
side of the 150 pm-thick sections) were Nissl-stained to
identify the cortical and subcortical areas and the extent
of the ischemic lesson (Figure 1).

As previously described in [46], for three-dimensional
(3D) neuronal reconstruction, pyramidal neurons from
CA1 pyramidal layer were recorded by confocal micros-
copy with a ZEN inverted scanning confocal system
(Zeiss LSM 710; Carl Zeiss Microscopy GmbH, Jena,
Germany) using a 488 nm Argon laser and 405 nm UV
and the fluorescence of DAPI and Alexa 488 were
recorded through separate channels. The image stacks
were recorded at 0.45 pm intervals with a 40x oil-
immersion lens (NA, 1.3, refraction index, 1.51) and 0.9
zoom (image resolution: 1024 x 1024 pixels; pixel size:
0.23 pm). No pixels were saturated within the spines.
Before the analysis, all image stacks for stroke and sham
conditions were coded and the morphological analyses
were performed blindly. Finally, 439 single pyramidal
neurons from the CA1l region were individually injected
with LY (190 in sham-operated and 249 in tMCAo0 mice;
4-20 neurons per section).

Subsequently, the labeled pyramidal neurons were 3D
reconstructed by tracing the neuronal structure, including
30 individual apical and 30 basal dendritic arbors per
group (n = 4-6 mice per group). Confocal images contain-
ing the dendritic arbors, from both apical and basal
dendritic trees, were traced using the Neurolucida
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360 software (MicroBrightField Inc., Williston, VT).
Then, the reconstructed neuronal structures were exported
to Neurolucida Explorer (MicroBrightField Inc., Willis-
ton, VT) to perform the quantitative analysis.

Dendritic arbor complexity for apical (stratum radia-
tum) and basal (stratum oriens) arbors was assessed by
measuring several morphological parameters including
dendritic length, dendritic volume, number of intersec-
tions, dendritic surface area, and dendritic diameter as a
function of the distance from the soma, creating concen-
tric spheres—centered on the cell body—of increasing
10-pm radii (Sholl analysis). In addition, dendritic length,
dendritic volume, dendritic surface area, and dendritic
diameter were measured per branch order (1, 2, and 3).
Branch order analysis calculates each morphological
parameter based on different dendritic segments derived
from dendrite branching. Only dendritic segments that
were completely reconstructed were included in the anal-
ysis. For apical arbors, main apical dendrites and collat-
eral dendrites were analyzed individually [50].

Furthermore, spine density and spine morphology ana-
lyses (n = 3-4 mice per group) were conducted on apical
collateral dendrites (stratum radiatum; 15-17 dendrites per
group) and basal dendrites (stratum oriens; 20 dendrites per
group) using Neurolucida 360 software. Only dendrites that
were completely reconstructed were included in the analysis.
For spine analysis, the spines were marked by tracing all
protrusions considered as spines, applying no correction
factors to the spine counts. The reconstructed dendrites
were then exported to Neurolucida Explorer to perform the
quantitative analysis for spine density and spine morphol-
ogy. Spine density was calculated for each dendrite by
dividing the number of spines by the dendritic length. Fur-
thermore, spine density, spine volume, and spine length per
dendrite were measured as a function of the distance from
the soma for basal dendrites and from the apical trunk to
apical collateral dendrites (Sholl analysis).

Unfortunately, the spine density and spine morphol-
ogy in the main apical trunks, could not be analyzed due
to technical issues.

2.3 | Statistical analysis

All the statistical analyses were performed using the
GraphPad Prism 9 and R (4.1.2) software. To compare
the averages, unpaired Mann—Whitney test was used to
test the overall effect. Values as a function of the dis-
tance from the soma were compared using Two-way
ANOVA repeated measures (Sholl analysis; p and
F values + interaction; degrees of freedom, d.f.). To
analyze whether the spine volume and spine length
were influenced by the dendritic length, ANCOVA test
was performed (Pr > F condition * dendritic length).
Data values are expressed as mean £ SEM. In all cases,
p <0.05 and Pr <0.05 were considered to be significant
(* <0.05, ** < 0.01, and *** < 0.001).
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FIGURE 1 Hippocampal ischemic lesion and LY-intracellular injections in the contralesional CA1 pyramidal cell layer. (A,C)
Panoramic images of coronal sections stained with Nissl from sham-operated (A) and tMCAo (C) mice showing the ischemic lesion in
the left hemisphere. Note the extended atrophy of the hippocampus in the left hemisphere (arrow). (E) Higher magnification of

the hippocampal region indicated with an arrow in C. (B,D) Confocal images showing CAl hippocampal pyramidal neurons
individually injected with LY in sham-operated (C) and tMCAo (D) mice. (F) Confocal microscopy image of single LY-injected
pyramidal neurons in the CA1 region from a sham-operated animal. Scale bar in F indicates 1 mm in A, C; 300 pm in B, D; 150 pm in
E and 50 pm in F.
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FIGURE 2 LY-injected pyramidal neurons and neuronal reconstruction. (A) Neuronal reconstruction from a sham-operated animal analyzed
with Neurolucida software, showing the Sholl analysis (B) and the branch order analysis (C). (D-F) Examples of neuronal reconstructions from
sham-operated animals. (G-I) Examples of neuronal reconstructions from tMCAo animals. In all the neuronal reconstructions, the basal dendritic
arbor is indicated in cyan and the apical dendritic arbor in pink. Scale bar shown in I indicates 60 pm.

3 | RESULTS

To study whether ischemic stroke could induce microana-
tomical alterations in CA1 pyramidal neurons from the
contralesional hippocampus, we performed an extensive

morphometric analysis in the tMCAo model 12-14 weeks
after tMCAo (Figure 1). First, we examined the complex-
ity of both apical (stratum radiatum) and basal (stratum
oriens) dendritic arbors and then the spine density and
morphology.
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3.1 | Pyramidal apical dendritic arbors of the

+ = 2 contralesional CAL field show higher neuronal
o o T o complexity
S = 5 B g
g = 5 s 3 § To study whether the dendritic structure of the pyramidal
:‘g T l neurons in the contralesional CA1 region is affected after
5 — =08 o stroke, we performed a detailed morphometric analysis
;,: - % § é Y E § (Figure 2). Neuronal complexity of the apical dendritic
S|E = & A3 A I arborization was analyzed by measuring the following
1B ¢ s A6 A A morphometric parameters: dendritic length, dendritic vol-
- « ume, dendritic surface area, dendritic diameter, and num-
e = T2 °|T ber of intersections. Additionally, a Sholl analysis was
EIS ¥ 5 i performed [?1] to discern possible Flifferences for the
Tz 2 g 2 o morphometric parameters as a function of the distance
?Ea - S from the soma (Figure 3). Apical dendritic arborization
= 3 Lﬂ o LL‘ includes both main apical and apical collateral dendrites
2 Sw & S v @ (stratum radiatum).
2 E H f f‘ H 7\> 7\> Significant differences were found in tMCAo com-
2lE =2 & &3 = pared with sham-operated mice in one or both of the sta-
_ e e tistical analyses carried out for each morphological
g ] o n parameter studied (see Table 1): tMCAo mice showed
% s M “ higher dendritic length (Figure 3A,B), dendritic volume
£ E’ N + i (Figure 3C,D), dendritic surface area (Figure 3E,F), and
g~ TR S dendritic diameter (Figure 3G,H).
E i oo 3 l However, no significant differences were found in
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':‘:é: E 3 T 37 2 </:\ ? (Figure 3I,q).compared w1th’sham-o’per.ated mice.
A lHE & & sk 2R A In addition, to study if the significant differences
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z s A + a9 analysis (Figure 4). Specifically, several morphometric
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g|= ° TR e in the dendritic segments that were completely recon-
. ;5 < -] o structed. The main apical dendrite and collateral
£ 2 b ‘§ § ¥ 7 o g branches (stratum radiatum) were analyzed separately for
T ElgEgS Svas S apical arbors. The main apical dendritic volume was sta-
2 alaé L LLL‘ 5 2 A tistically different in tMCAo compared with sham-
S - - operated mice for the order 1 and 3 dendritic segments
S h 3 = (unpaired Mann—Whitney, p = 0.003, both; Figure 4B).
g N l il X Similarly, branch order 1 showed a higher main apical
:; £ § % S 2 : dendritic surface area in tMCAo0 mice (unpaired Mann—
S-S R M ~ Whitney, p = 0.039; Figure 4C). No statistical differences
s ) . . ™ . .
25 ® l ® LL‘ were found for main apical dendritic length or main apical
g 2 T 8 S g X d§ndritic diameter .(unpaired Mann-Whitney, p > 0.05;
% -:‘é E o T f ® i T Figure 4A,D, respectively).
S Al € &« & 8 & = Regarding the analysis of collateral dendrites, the
‘_ﬁ > B < dendritic volume was statistically larger in tMCAo
g ;5 < E 3 mice than in sham-operated mice in the case of the
3 2 = S 3 = Z order 1 and 3 dendritic segments (unpaired Mann—
E” s @g i 2 gg & Whitney, p = 0.003, both; Figure 4F). Similarly,
e} s 55 ¥ g 85 % branch order 1 showed a higher dendritic surface area
5 s s &2 =35 £ in tMCAo0 mice (unpaired Mann-Whitney, p = 0.039;
= o © Figure 4G). The collateral dendritic diameter in
- é ’ § ’ tMCAo mice showed significantly higher values for
3 G _q§ £ = _qg) = branch order 1, 2, and 3 (unpaired Mann-Whitney,
ﬁ g- § p =0.0001; p=0.008; and p <0.0001, respectively;
= Figure 4H). No statistical differences were found for
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FIGURE 4 Analysis of the complexity of specific neuronal compartments. (A-D) Graphs showing the dendritic segment average (unpaired
Mann-Whitney test) of several morphological parameters expressed per branch order (1, 2, and 3): (A,E,I) dendritic length, (B,F,J) dendritic volume,
(C,G,K) dendritic surface area, and (D,H,L) dendritic diameter in (A-D) main apical branches, (E-H) apical collateral branches, and (I-L) basal
branches. Only dendritic segments that were complete, and thus excluding incomplete endings, were included in this analysis (30 individual branches

per group; n = 4-6 mice per group).

collateral dendritic length (unpaired Mann—Whitney,
p > 0.05; Figure 4E).

3.2 | Pyramidal basal dendritic arbors of the
contralesional CA1 field show higher neuronal
complexity

The neuronal complexity in basal arbors (stratum
oriens) was analyzed similarly to the apical dendritic
arbors. The basal dendritic arbor is defined as the sys-
tem of large basal dendrites that emerges laterally or
downward from the base of the soma (stratum
oriens) [34].

Significant differences were found in tMCAo com-
pared with sham-operated mice in one or both of the sta-
tistical analyses carried out for each morphological
parameter studied (see Table 1): tMCAo showed a higher

dendritic length (Figure 5A,B), dendritic surface area
(Figure SE,F), and number of intersections (Figure 5L,J).
Regarding dendritic volume and dendritic diameter, no
significant differences were found in tMCAo compared
with sham-operated mice (Figure 5C,D and Figure 5G,H,
respectively).

Likewise, the same morphometric parameters were
measured per branch order (1, 2, and 3) as described
above (Figure 4). The basal dendritic volume was sta-
tistically higher in tMCAo mice for dendritic segment
order 1 compared with sham-operated mice (Mann—
Whitney, p =0.01; Figure 4J). Similarly, branch
order 1 showed a higher basal dendritic surface area
in tMCAo (unpaired Mann—Whitney, p = 0.01;
Figure 4K). No statistical differences were found for
basal dendritic length and basal dendritic diameter in
the analysis (unpaired Mann—Whitney, p > 0.05;
Figure 41,1, respectively).
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FIGURE 5 Analysis of the complexity of basal dendritic arbors. Comparative morphometric analysis (30 individual basal branches per group)
between sham-operated and tMCAo mice (n = 4-6 mice per group) of (A,B) dendritic length, (C,D) dendritic volume, (E,F) dendritic surface area,
(G,H) dendritic diameter and (I,J) number of intersections, as the average (A,C,E,G,I; unpaired Mann—Whitney test) and as a function of the distance
from the soma (B,D,F,H,J; Two-way ANOVA repeated measures).
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CA1 PYRAMIDAL NEURON ALTERATIONS AFTER STROKE

3.3 | Spines of pyramidal neurons in the
contralesional CA1 field show a lower density

To test the hypothesis that ischemic stroke could induce
alterations in spine density and morphology, we per-
formed a detailed analysis of the spine microanatomy in
CA1 pyramidal neurons (Figure 6), both in apical (stra-
tum radiatum) and basal (stratum oriens) dendritic arbors
in the contralesional hemisphere.

For the apical collateral dendrites, spine density was
measured, assessing a total dendritic length of 1626 pm in
sham-operated and 2012 pm in tMCAo mice. We found
that tMCAo had a significantly lower spine density than
sham mice (sham-operated 2.24 * 0.15 spines/um, 3704
spines; tMCAo: 1.88 £ 0.14 spines/um, 3819 spines;
Mann-Whitney test, p = 0.04; Figure 6I). However, no
significant differences were found in spine density as a
function of the distance from the soma (Two-way
ANOVA, p > 0.05; F = 0.69, d.f. = 5; Figure 6J).

Spine density for basal dendrites was measured asses-
sing a total dendritic length of 3039 um in sham-operated
and 3216 um in tMCAo0 mice (sham-operated 1.87 £ 0.08
spines/um, 5621 spines; tMCAo: 1.66 * 0.09 spines/pm,
5387 spines; Mann—Whitney, p = 0.16; Figure 6K).

Significant differences were found between groups
in spine density as a function of the distance from
the soma (Two-way ANOVA, p <0.0001; F=3.9, d.
f. = 9; Figure 6L).

Similarly, analyses of spine morphology were per-
formed in the same groups of dendrites (collateral and
basal dendrites).

No significant differences were found in apical
collateral dendrites regarding (i) the mean spine
length  (sham-operated: 1.01 +0.03 pm; tMCAo:
1.02 + 0.05 pm; Mann-Whitney test; p =0.9) or
(ii) the spine volume (sham-operated: 0.1 * 0.04 pm?;
tMCAo: 0.1 *0.03 pm’; Mann—Whitney test; p = 0.7)
between groups (sham-operated: 0.066 * 0.008 pm?;
tMCAo: 0.069 * 0.005 pm®; Mann-Whitney test;
p = 0.3; Figure S1A,C). Likewise, no significant differ-
ences were found when the mean spine length and vol-
ume were analyzed as a function of the distance
from the apical trunk (Two-way ANOVA, p > 0.05;
F=1.6, d.f.=6 and F=1.02, d.f. = 6, respectively;
Figure S1B,D). Moreover, no difference was found in
basal dendrites when the mean spine length (sham-
operated: 1.01 £0.03 pm; tMCAo: 1.09 + 0.06 pm;
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TABLE 2 Summary of the results obtained by comparing tMCAo
versus Sham-operated groups in the analysis of the pyramidal cell
morphological parameters studied in the SSCx and CA1 regions.

Dendritic structure

D. D. D.S.D. No. of No. of

SSCx length volume area diameter inters nodes
Apical arbor 1 l 1 NS l NS
Basal arbor NS NS NS NS NS NS
CAl
Apical T ) T T NS ND

arbor
Basal 1 NS 1 NS 7 ND

arbor
Dendritic spines

Spine Spine Spine

SSCx density volume length
Main apical dendrites NS * NS
Collateral dendrites NS NS R
Basal dendrites NS * *
CAl
Main apical dendrites ND ND ND
Collateral dendrites l R NS
Basal dendrites l ** **

Note: |, decrease; T, increase; NS, no significant; ND, no data.
*Significant differences in the frequency distribution analysis.
**Significant differences influenced by the dendritic length.

Mann—Whitney test; p = 0.79) and the mean spine vol-
ume (sham-operated: 0.06 = 0.004 pm; tMCAo: 0.08 £
0.01 pm; Mann-Whitney test; p =0.9) were com-
pared between tMCAo and sham-operated mice
(Figure S1E,G)—or as a function of the distance from
the soma (Two-way ANOVA, p > 0.05; F=1.06, d.f.
=9; F=1.3,d.f. =9, respectively; Figure S1F,H).
Furthermore, using ANCOVA test to analyze whether
the dendritic length influences spine volume and length, we
found significant differences (Figure 6). Apical collateral
dendrites (stratum radiatum) in tMCAo showed a signifi-
cantly higher spine volume (Pr = 0.000964; Figure 6M)
with no differences regarding spine length compared with
sham-operated mice (Pr = 0.88; Figure 60). However, in
basal dendrites, significant differences were found in
both spine volume (Pr = 1.35¢ — 05; Figure 6N) and
spine length (Pr < 2e — 16; Figure 6P) between groups.

FIGURE 6 Analysis of spine density and morphology. (A,B) Apical collateral (stratum radiatum; 15-17 dendrites per group) and (E-F) basal
(stratum oriens; 20 dendrites per group) dendritic segments from LY-injected pyramidal neurons in CA1 from (A,E) sham-operated and (B,F) tMCAo
mice (n = 34 mice per group). (C,D,G,H) The same dendritic segments as in A, B, E and F, respectively, showing the 3D spine reconstruction
process. Scale bar shown in M indicates 3 pm in A—H. (I-P) Comparative morphometric analysis of the spine density and spine morphology in
pyramidal neurons from the contralesional CA1 hippocampal region. Spine density analysis (spines/um) showing (I,K) the average spine density per
dendrite in apical collateral dendrites (I), and basal dendrites (K) (unpaired Mann—Whitney test); and (J,L) the spine density as a function of the
distance from the soma (Two-way ANOVA repeated measures) in apical collateral dendrites (J) and basal dendrites (L). (M—P) Morphometric
analysis of spine volume (M,N) and spine length (O,P) influenced by the dendritic length in apical collateral dendrites (M,0) and basal dendrites

(N,P) (ANCOVA test).
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4 | CONCLUSIONS

It has been extensively reported that recovery of the adult
brain following a stroke depends partly on the reorgani-
zation of surviving areas adjacent to the focal lesion, with
neuronal reorganization and neuronal plasticity consid-
ered key processes in this recovery [52-55].

It has been shown that areas adjacent to the focal
lesion exhibit alterations in the neuronal complexity of
pyramidal neurons [43, 56-58] that might compensate for
the loss of function in the infarcted area, adopting new
functions [58-60]. In addition, it has been demonstrated
that, after stroke, remote regions connected to the
infarcted area can also be affected. This process has also
been described in the contralesional hemisphere and is
known as transcallosal diaschisis [61]. It is thought that
the main mechanism responsible for this process is the
loss of excitatory inputs from the damaged cerebral hemi-
sphere to the “intact” contralesional cerebral cortex [62].
Thus, advances in the understanding of diaschisis repre-
sent an important approach that may be useful for the
development of new therapeutic targets.

In the tMCAo mouse model of ischemia, we have
previously reported that acute stroke selectively induces
changes in the dendritic complexity and spine morphol-
ogy in remote regions connected to the infarcted area.
We found that pyramidal neurons in layer III of the
SSCx in the contralesional hemisphere exhibit less den-
dritic complexity of the apical dendritic arbor—but no
changes in the basal dendritic arbor. In addition, we
found differences in spine morphology in both apical
and basal dendrites in the contralesional hemisphere but
no changes in dendritic spine density [46]. However, in
the present study, we observed higher neuronal com-
plexity and a lower density of spines in both apical and
basal arbors after stroke in CA1 pyramidal neurons in
the contralesional hippocampus (Table 2). Thus, con-
tralesional pyramidal neurons are affected differently
depending on where they are located in the neocortex or
hippocampus. Notably, the higher neuronal complexity
in tMCAo0 mice was primarily observed as a function of
the distance from the soma and in specific neuronal
compartments, indicating a microanatomical-specific
alteration of neuronal complexity.

Since neuronal complexity regulates functional
capacity—influencing the biophysical properties of the
neuron and the capacity of input integration—the
changes found in CA1 pyramidal complexity in the pre-
sent study indicate significant modifications of the func-
tional properties of these neurons in the hippocampus.
Furthermore, changes in spine density and morphology
also have important functional consequences. First, the
lower spine density has been suggested as a compensatory
response to a loss of excitatory inputs. Regarding spine
morphology, significant differences were found in volume
and spine length influenced by the dendritic length. This
finding is also relevant from the physiological point of
view since spine morphology is directly related to spine

function [63-66] and alterations in spine morphology
have been extensively described in neurological disorders,
suggesting that modifications in spine morphology are
due to alterations of the presynaptic activity [49, 67, 68].
In this regard, recent studies propose that the spine head
and the spine neck are independently-regulated compart-
ments that influence neural capacities differently and
should therefore be studied separately [69].

Finally, the specific functional significance of all these
changes is unknown since it would require additional physi-
ological experiments in the same regions where we analyzed
the pyramidal cell structure. However, these morphological
changes in the arbors of both apical (stratum radiatum) and
basal (stratum oriens) dendrites, which are involved in mul-
tiple different circuits, obviously indicate that significant
alterations of hippocampal function of the contralesional
hemisphere take place after acute stroke. It is also impor-
tant to emphasize that, in our experiments, the ipsilateral
hippocampus was dramatically damaged and although cer-
tain morphological changes of the structure of pyramidal
cells in the contralesional hippocampus were statistically
significant, these changes did not affect the whole neuron.
In other words, the changes are less apparent than one
might expect, considering that, the ipsilateral side is exten-
sively damaged (see Figure 1C,E) and the massive commis-
sural system that interconnects the two sides of the
hippocampal formation in rodents [70]. This probably may
help in the recovery of hippocampal function, but, further
anatomical and physiological studies would be necessary to
better understand the modifications that occur in the
“intact” contralesional brain regions and are likely to be
fundamental to recover functions after stroke.
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