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Carbonic anhydrase seven bundles filamentous
actin and regulates dendritic spine morphology

and density
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Abstract

Intracellular pH is a potent modulator of neuronal functions. By
catalyzing (de)hydration of CO,, intracellular carbonic anhydrase
(CA;) isoforms CA2 and CA7 contribute to neuronal pH buffering and
dynamics. The presence of two highly active isoforms in neurons
suggests that they may serve isozyme-specific functions unrelated
to CO,-(de)hydration. Here, we show that CA7, unlike CA2, binds to
filamentous actin, and its overexpression induces formation of
thick actin bundles and membrane protrusions in fibroblasts. In
CA7-overexpressing neurons, CA7 is enriched in dendritic spines,
which leads to aberrant spine morphology. We identified amino
acids unique to CA7 that are required for direct actin interactions,
promoting actin filament bundling and spine targeting. Disruption
of CA7 expression in neocortical neurons leads to higher spine
density due to increased proportion of small spines. Thus, our work
demonstrates highly distinct subcellular expression patterns of CA7
and CA2, and a novel, structural role of CA7.
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Introduction

Intracellular carbonic anhydrases (CA;) are best known for their
contribution to CO,/ HCO;-dependent buffering (Pco.) (Maren,

. Laszlo Vutskits®, Kai Kaila™*

1,2, *

, Pirta Hotulainen & Eva Ruusuvuori**”

1967). There are five catalytically active CA; isoforms: CAl, CA2,
CA3, CA7, and CA13 which differ in their tissue/cell-type distribu-
tion, sensitivity to inhibitors as well as in their kinetic properties
(Mboge et al, 2018). In the brain, CA; is abundant in choroid plexus
epithelia (Halmi et al, 2006; Johansson et al, 2008) and glial cells
(Cammer, 1984; Cammer & Tansey, 1988) but several studies have
shown that CA;s are present (Nogradi & Mihaly, 1990; Wang et al,
2002; Halmi et al, 2006; Kida et al, 2006) and accelerate the (de)hy-
dration of CO, to HCOj in neurons as well (Pasternack et al, 1993).
Rat and mouse hippocampal neurons sequentially express two
catalytically highly active CA; isoforms: Expression of CA7, the
neuron-specific isoform in the central nervous system, starts at post-
natal day (P) 10-12, and it is the only cytoplasmic isoform until P18
when the expression of CA2 commences (Ruusuvuori et al, 2004,
2013). The presence of the highly mobile CO,/ HCO; buffer system
has, in addition to Pcoz, an important role in enhancing diffusion of
acid-base species within the neuronal cytoplasm (Voipio, 1998;
Geers & Gros, 2000). Notably, HCO; acts as a major carrier of
current in GABA, receptors (Kaila & Voipio, 1987; Kaila et al,
1993), and the CA7-driven replenishment of intraneuronal HCOj is
required for the developmental onset of the paradoxical GABAergic
excitation and network synchronization under conditions of
prolonged activation of interneurons (Kaila et al, 1997; Ruusuvuori
et al, 2004). Using intracellular pH (pH;) and patch-clamp measure-
ments, we showed that after P18 both isoforms work in parallel to
catalyze the intraneuronal CO, (de)hydration (Ruusuvuori et al,
2013). However, the co-expression of two high-activity isoforms in
neurons may suggest that they serve isozyme-specific functions
unrelated to CO,-(de)hydration.

The subcellular distribution of neuronal CA;s is of great interest
because in addition to the GABAergic current discussed above,
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glutamatergic signaling (Rose et al, 1999; Brini et al, 2017) evokes
large, localized ionic fluctuations. Excitatory synapses are mostly
formed on dendritic spines (Bourne & Harris, 2008), which undergo
morphological and structural changes, upon synaptic activation
(Yuste & Bonhoeffer, 2001). These structural changes are driven by
fast disassembly of actin filaments, followed by re-polymerization
and re-assembly of the filaments (Halpain, 2000). In rats and mice,
a period of rapid synaptic formation and dendritic spine maturation
from filopodia to mushroom spines (Dailey & Smith, 1996;
Dunaevsky et al, 1999; Hotulainen et al, 2009) takes place at
P10-P20, within a time-window overlapping with the developmen-
tal upregulation of CA7. Based on this, we hypothesized that CA7
may play a specific role in dendritic spine development.

Here, we show that, in contrast to CA2, CA7 is highly compart-
mentalized within neurons and that it has a major influence on actin
dynamics. Specifically, we demonstrate that CA7 directly binds and
bundles actin in vitro and that it co-localizes with filamentous actin
(F-actin) when overexpressed in fibroblasts and neurons. Further,
we identify a novel role of CA7 in modulation of actin bundling that
is not dependent on its catalytic activity. In CA7-overexpressing
neurons, CA7 is enriched in the actin-dense dendritic spines
whereas CA7 depletion increases overall spine density, with a shift
to smaller spine heads. These results show that neuronal CA7 has
tightly linked functions in both cellular ion homeostasis and
cytoskeleton structure.

Results
CA7 binds to and bundles F-actin

To study the subcellular localization of CA2 and CA7, we simulta-
neously overexpressed EGFP-CA2 and DsRed-CA7 fusion proteins
in cultured NIH3T3 fibroblasts. The two isoforms showed strik-
ingly different localization patterns. CA7 localized to cytosolic fila-
mentous structures, whereas CA2 was homogenously distributed
throughout the cytoplasm and nucleus (Fig 1A). This difference
prompted us to test whether CA7 co-localized with F-actin. Experi-
ments, in which we expressed EGFP, EGFP-CA2, or EGFP-CA7 in
fibroblasts and stained F-actin with phalloidin-594 after fixation,
showed no overlap of EGFP or EGFP-CA2 with F-actin (Fig 1B and
C). In contrast, EGFP-CA7 strongly co-localized with F-actin (Fig 1
D). An exception to this were the outer edges of lamellipodia,
mainly containing branched actin (Higgs, 2011), in which EGFP-
CA7 was not present (Fig EV1 and Movie EV1). Very high levels
of CA7 overexpression also caused marked changes in actin struc-
tures and cellular morphology, including the formation of thick,
curving cytosolic stress fibers and filopodia-like plasmalemmal

Figure 1. Subcellular localization of CA7 and CA2 in fibroblasts.
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protrusions (Fig 1E). To compare the co-localization of the overex-
pressed CA proteins with F-actin in a quantitative manner, we
measured the fluorescence intensities of EGFP and phalloidin-594
from cross-sectional cellular profiles (Fig 1F-H). These data,
together with the correlation coefficients presented below in Fig 5,
demonstrate that EGFP-CA7, but not EGFP-CA2, co-localizes
strongly with F-actin.

Next, we examined whether there is a direct interaction between
CA7 and F-actin. For these experiments, we used purified recombi-
nant mouse CA7 protein (mCA7). In an actin pull-down assay,
mCA?7 co-sedimented with F-actin, demonstrating a direct interac-
tion between the two proteins (Figs 2A and EV2A). Interestingly, pH
modulated this interaction: at pH 6.5, mCA7 bound F-actin with
higher affinity than at pH 7.4 (P < 0.0001, two-way ANOVA, three
independent repeats for each pH and actin concentration) (Figs 2A
and EV2A). CA2 did not bind F-actin at either pH (Fig EV2B and C).

As CA7-overexpressing fibroblasts often showed abnormally
thick actin structures, we set out to test whether CA7 modulates
actin bundling. To this end, an in vitro actin-bundling assay using
total internal reflection fluorescence (TIRF) microscopy was used in
the absence and presence of 1.12 pM mCA?7 (Fig 2B, Movies EV2—
EV7). Both actin filament length and fluorescence intensity of their
cross-section (which takes into account the filament/bundle thick-
ness) increased over time significantly in the presence of mCA7
when compared to the vehicle control (P < 0.001 for both length
and intensity) (Fig 2C). Kymographs generated from the Movies
EV2-EV7 showed that in the presence of mCA?7, thick actin bundles
appeared soon after starting the experiment (Fig 2D). Under control
conditions, the intensity of filaments was constant throughout the
experiment indicating that actin filaments became elongated as indi-
vidual filaments (Fig 2B-D). In contrast, in the presence of mCA?7,
the intensity doubled or tripled in 5 min and was about 5-fold
brighter at the end point (after 23 min), suggesting that most of the
actin is in bundles of 4-6 filaments (Fig 2B-D). In the presence of
mCA?7, the filaments started to elongate individually, but they soon
bundled together (Fig 2B and D). For better visualization, we
followed the process of bundling in a set of experiments at a lower
concentration of mCA7 (0.11 uM) (Fig 2E). An analysis of actin fila-
ment elongation over time revealed further differences between the
treatments (Fig EV2D and E). In PBS control experiments, filament
length increased steadily (Fig EV2D, white arrows at the end of fila-
ments; Fig EV2E, plot of filament length). In the presence of mCA?7,
filament/bundle elongation occurred stepwise, with a short filament
added to the end (or close to end) of the original filament/bundle
(Fig EV2D and E). Thus, under control conditions, actin polymer-
izes slowly to produce single filaments as shown in previous studies
(Kuhn & Pollard, 2005). Notably, however, in the presence of
mCA7, individual filaments form bundles of up to six filaments.

A NIH3T3 fibroblasts co-expressing DsRed-CA7 and EGFP-CA2 (n = 4 independent replicates).

B-E Co-localization of EGFP and the two CA isoforms with filamentous actin studied in fibroblasts expressing (B) EGFP, (C) EGFP-CA2, or (D, E) EGFP-CA7 and stained
with phalloidin-594 to visualize F-actin (n = 4, 10, and 8 independent replicates, respectively). A magnification of the area marked with the yellow rectangle in (C)
and (D) shows the localization of EGFP-CA2 and EGFP-CA7 compared to phalloidin-594. (E) EGFP-CA7 caused a prominent overexpression phenotype with thick and
curvy cytosolic actin bundles (arrow) and plasmalemmal protrusions (arrowhead).

F-H The normalized fluorescence emission intensity profiles for F-actin (red line) and (F) EGFP, (G) EGFP-CA2, or (H) EGFP-CA7 (black line).

Data information: For the plots, pixel intensities were measured through the cross-section of the cell indicated by the yellow line in panels (B-D). Scale bar in (A—E) 20 um.
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Figure 2. CA7 binds to filamentous actin and increases actin bundling.

EMBO reports

A Actin co-sedimentation assay shows that CA7 binds to F-actin. The binding is enhanced at more acidic pH (6.5 vs. 7.4). n = 3 independent replicates at each actin

concentration, two-way ANOVA, P < 0.001.

B Fluorescence time-lapse images of F-actin bundling in an in vitro bundling assay. A mixture of unlabeled and Rhodamine labeled non-muscle actin was polymerized
in the absence (PBS control, upper panel) or presence of mCA7 (lower panel). Numbers in images indicate the time after the onset of the experiment (0, 5, and
23 min). Intensity-based fire-coloring (Fiji) was used to visualize intensity changes. Scale bar 10 um.

C Quantification of the mean increase in filament length (n = 10 filaments at each time point) and the mean relative fluorescence intensity values of cross-sections for
individual filaments /bundles (n = 30-31) in the absence and presence of mCA7 (1.12 uM). The data were analyzed using a general mixed model with time as a
within-unit factor and the presence of CA7 as a between-unit factor. n = 3 independent repetitions, experiment repeats were included as a covariate and were non-

significant.

D Kymographs showing different time points in the line of interest (line width 1 um) from the experiments analyzed in (C). Kymographs were generated with Fiji Multi
Kymograph function. Total time is 159 frames = 26.5 min. Scale bar 5 pm (full height is 20 pm). F-actin bundles can be detected as clear lines in kymographs.

E Fluorescence time-lapse images of F-actin bundling in an in vitro bundling assay. A mixture of unlabeled and Rhodamine labeled non-muscle actin was polymerized
in the presence of mCA7 (0.11 uM). Numbers above images indicate the time after the onset of the experiment (22-23 min 20 s). Intensity-based fire-coloring (Fiji)
was used to visualize intensity changes. White arrows highlight the bundling filaments. Scale bar 5 pm. These data are from a representative video (n = 8

independent repeats).

Data information: Data are presented as mean £ SEM in (A) and mean =+ SD in (C).
Source data are available online for this figure.
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Figure 3. CA7 overexpressing NIH3T3 cells are resistant to latrunculin B treatment.

A, B NIH3T3 cells transfected with DsRed (A) or DsRed-CA7 (B) were incubated in growth medium with 5 uM Latrunculin B for 0, 2, 5,10, or 30 min, or with an equal
amount of DMSO for 60 min. Analyses of experiments show that in cells transfected with DsRed-CA7 F-actin structures collapse more slowly (O min: 83% “normal”;
2 min: 80%, P = 0.44; 5 min: 74%, P = 0.39; 10 min: 27%, P = 0.08; 30 min: 16%, P = 0.02; DMSO: 82%, P = 0.99; tested against 0 min with two-way ANOVA,
Dunnett’s multiple comparison test) than in the DsRed-transfected ones (0 min: 89% “normal”; 2 min: 48%, P = 0.14; 5 min: 31%, P = 0.04; 10 min: 2%, P = 0.001;
30 min: 0.7%, P = 0.001; DMSO: 88%, P = 0.8; tested against O min with two-way ANOVA, Dunnett’s multiple comparison test). For the analysis, cells were

categorized to three groups as “normal”,

DsRed- or (B) DsRed-CA7 transfected cells (actin visualized with Phalloidin-488).

Data information: One hundred cells per each time point from each experiment (n = 3) were counted and categorized. Scale bar 50 um. Data are presented as

mean + SEM.
Source data are available online for this figure.

Based on the above results, we tested whether CA7-mediated
actin bundling stabilizes actin filaments. This was done by expos-
ing transfected cells to latrunculin B, which sequesters free actin
monomers and can thus be used as a robust method to quantify
the rate of actin filament depolymerization (Fig 3). The experi-
ments showed that in control cells expressing DsRed, actin

© 2021 The Authors

”, “some shape/F-actin left”, and “round”. The upper panel shows example images of the cells in all three categories for (A)

filaments depolymerized within a few minutes (Fig 3A). In
contrast, over 60% of the DsRed-CA7 expressing cells had visible
F-actin structures even after 30 min of latrunculin B treatment
(Fig 3B). These data demonstrate that CA7 directly binds to and
bundles F-actin, and that DsRed-CA7 overexpression stabilizes
existing actin filaments.
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The CA7 surface motif DDERIH is crucial for actin binding

As no previously known actin-binding domains (Paavilainen et al,
2004; Lee & Dominguez, 2010) are present in CA7, we sought to
identify which CA7 sequence features contribute to actin binding.
We first analyzed publicly available CA2 and CA7 protein structures
(Eriksson et al, 1988; Di Fiore et al, 2010) to identify potential actin
interaction surfaces. These comparisons revealed a structural motif
at the CA7 protein surface that clearly differs from CA2 (Fig 4A and
B). The amino acids 101-105, 113, 115, and 237-242 are distributed
over the primary sequence of CA7, and form a continuous “ridge” at
the protein surface (Fig 4B). Superimposing the CA7 a-helix 6 on
the twinfilin-C/G-actin structure (Paavilainen et al, 2007) suggested
that CA7 a-helix 6 including the amino acids 237-242 could also be
a putative interaction site (Fig 4C) and that arginine 223 (R223)
located to the helix might further contribute to actin binding as its
positive charge is reversed in CA2 (Fig 4D). The alignment of the
protein sequences of CA2 and CA7 confirmed that these amino acids
are not conserved between the two isoforms (Fig 4D). In addition, a
sequence comparison with the human cytosolic CA isoforms
revealed that these motifs are unique to CA7 (Fig EV3).

To explore the putative CA7-actin-binding domains, we gener-
ated a set of CA7 mutants (EGFP-CA7-mutantl-3) in which subsets
of the amino acids mentioned above were replaced with the corre-
sponding amino acid sequences of CA2 (Fig 4E). The mutants were
expressed in NIH3T3 cells as EGFP-fusion proteins and their subcel-
lular distribution and co-localization with F-actin were examined
after staining cells with phalloidin-594 (Figs 5A-C and EV4). When
amino acids forming the “ridge” (101-105, 113, 115, and 237-242)
were replaced with the corresponding amino acids of CA2 (EGFP-
CA7-mutantl; see Fig 4E), the strict co-localization with F-actin was
abolished and the construct did not induce detectable changes in
actin structure or cell morphology (Fig 5A). To characterize the
interaction motif in more detail, we separately mutated amino acids
101-105 (KKHDV; EGFP-CA7-mutant2) or 237-242 (DDERIH; EGFP-
CA7-mutant3). The localization of EGFP-CA7-mutant2, with only
the KKHDV motif replaced by the corresponding CA2 sequence, was
unchanged, when compared to EGFP-CA7. EGFP-CA7-mutant2 co-
localized strongly with F-actin (Fig 5B), and the overexpression
phenotype with thick, curving cytosolic actin bundles and plas-
malemmal protrusions (Fig EV4A) was similar to that seen with
EGFP-CA?. Interestingly, replacement of the DDERIH motif alone
(EGFP-CA7-mutant3) reduced the co-localization with F-actin, and
overexpression of the mutant did not visibly affect cellular actin
structures (Fig 5C). We compared the co-localization of the different
EGFP-tagged mutants with phalloidin-594 by plotting the fluores-
cence intensities per pixel against each other (Figs 5A-C and EV4E—
G) and calculating Pearson’s correlation coefficient (Fig SD and E).
Comparison of the scatter plots from individual cells revealed that,
firstly, F-actin fluorescence was strongly correlated with that of
CA7, but not with CA2. Secondly, the correlation coefficient of
EGFP-CA7-mutantl and EGFP-CA7-mutant3, but not that of EGFP-
CA7-mutant2 was reduced when compared to CA7 (Fig S5E; note
P = 0.05 for EGFP-CA7-mutant3). This indicates that the DDERIH
motif forms an important part of the CA7-actin interaction site.

Despite the changes seen with EGFP-CA7-mutantl and EGFP-
CA7-mutant3, an analogue mutant of CA2, containing all mutations
of EGFP-CA7-mutantl in a reversed manner (EGFP-CA2-revCA?7, see

6 of 17  EMBO reports 22: €50145 | 2021

Enni Bertling et al

Fig 4E), maintained the diffuse cytosolic localization pattern seen
with CA2 (Fig EV4B and E).

When the positively charged arginine 223, which we hypothe-
sized to play a role in CA7-actin-binding, was mutated to the nega-
tively charged glutamic acid (EGFP-CA7-R223E), co-localization
with F-actin was not affected (Figs SE, and EV4C and F), but the
generation of thick cytosolic actin bundles was reduced. Finally, to
examine whether the catalytic activity of CA7 affects actin co-local-
ization, we expressed a catalytically inactive mutant, EGFP-CA7-
H96/98C (Kiefer & Fierke, 1994), in NIH3T3 cells. This mutant
retained its co-localization with actin (Figs SE, and EV4D and G),
indicating that catalytic activity is dispensable for the interaction
with actin. The different impact of the various mutants on actin
cytoskeleton morphology did not seem to correlate with overall
construct expression levels (Fig EV4H and I).

Together, these comparisons provide compelling evidence for
structural motifs consisting of widely spread amino acids within the
primary structure of CA7 and containing the DDERIH sequence as
the CA7/actin-binding site.

CA7 localizes to dendritic spines and its overexpression disrupts
spine morphology

We moved on to study the subcellular localization of CA2 and CA7
in rat hippocampal neurons. The lack of a knockout (KO) controlled
antibody, suitable for immunohistochemistry (IHC), hinders studies
on endogenous CA7 (see Ruusuvuori et al, 2013). Hence, we exam-
ined the subcellular localization by simultaneously overexpressing
DsRed-CA7 and EGFP-CA2 in neuronal cultures. While EGFP-CA2
distributed homogenously along the somato-dendritic axis, DsRed-
CA7 was prominent in the actin-rich spines (Fig 6A). Co-expression
of mCherry-actin and EGFP-CA2 further confirmed that CA2, similar
to EGFP alone, localizes diffusely to dendrites and spines and has
no effect on the structure of spines (Fig EV5A and B). In contrast,
the EGFP-CA7 distribution overlapped with that of mCherry-actin
and, in line with the CA7-dependent modulation of actin structures
detected in fibroblasts, it had a marked effect on spine morphology:
EGFP-CA7-overexpressing neurons had a high proportion of aber-
rant spines, i.e., thick, filopodia-like dendritic protrusions with no
clear spine head (Fig EV5C). The effects of EGFP-CA2 and EGFP-
CA7 on spine density and structure in cultured neurons are summa-
rized in Fig EVS5I.

Of the mutant proteins, EGFP-CA7-mutant2 co-localized with
mCherry-actin and caused a similar change in spine morphology as
CA?7 (Fig EV5D). When the DDERIH motif was mutated individually
(EGFP-CA7-mutant3), or together with the other amino acids form-
ing the ridge (EGFP-CA7-mutantl), the subcellular distribution of
the fusion proteins was homogenous along dendrites and dendritic
spines, and overexpression of these constructs had no obvious effect
on the spine morphology (Fig EVSE and F). EGFP-CA7-R223E and
EGFP-CA7-H96/98C, both of which co-localized with F-actin in
fibroblasts, showed strongly overlapping localization with mCherry-
actin in dendritic spines (Fig EV5G and H).

Finally, to study the localization of CA7 and CA2 in neurons
in vivo, we overexpressed EGFP-CA7 or EGFP-CA2 in cortical layer
2/3 pyramidal neurons using in utero electroporation and examined
transfected neurons in fixed slices from P40 mice. Compared to
EGFP-CA2 (Fig 6B), EGFP-CA?7 localized strongly to dendritic spines

© 2021 The Authors
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Figure 4. Structure and sequence comparison of CA7 and CA2.

A, B Three-dimensional representation of (A) CA2 and (B) CA7 structure. The amino acids 101-105 (SLDGQ in CA2 and KKHDV in CA7), 113, 115, and 237-242 (GEPEEL in
CA2 and DDERIH in CA7) form a ridge at the protein surface (highlighted in yellow). R223 is located close to the ridge.
C Superimposing the CA7 a-helix-6 (CA7 in blue, areas where mutations1-3 are located is in yellow, and the putative actin-interacting CA7 helix in red) on the Twf-C/
G-actin structure (gray) shows a sterically compatible structure.
D  Sequence alignment of human CA7 and CA2 protein sequences generated using the Clustal O (1.2.1) multiple sequence alignment. Residues forming a ridge at the
CA7 protein surface in the CA7 3D structure are highlighted in the CA7 sequence (bold/underlined). R223 is marked in turquoise and H96 and H98 (mutated to gain
a catalytically loss-of-function mutant) are highlighted in green. The row below sequence alignment indicates structural features of CA7 based on the UniProt
database (B = beta strand, H = helix and, T = turn).
E Schematic representation of four mutants with a full (mutantl) or partial (mutant2 and mutant3) replacement of the amino acids encoding the ridge in CA7 by the
corresponding CA2 sequence. In the reversed mutant (CA2-revCA7), the amino acids replaced in mutantl were introduced to CA2.

113 GKS 115
KKK
GKS
GKS

111 GKsS 113

237 DDERIH 242
GEPEEL
DDERIH
GEPEEL

234 DDERIH 239

Data information: Panels (A-C) were prepared using PyMOL (PyMOL The PyMOL Molecular Graphics System, Version 1.4.1 Schrodinger, LLC.).

(Fig 6C). The spine phenotype of CA7-overexpressing neurons
depended on the expression level. Strong CA7 overexpression
induced the formation of abnormal,

© 2021 The Authors
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protrusions that lacked a clear spine head (Fig 6D). This finding is
in line with the observations made in cultured neurons (see Figs 6A
filopodia-like dendritic and EV5C).
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Figure 5. Subcellular localization of the chimeric CA7 constructs in fibroblasts.

A-C NIH3T3 fibroblasts expressing EGFP-CA7-mutantl (A), EGFP-CA7-mutant2 (B), and EGFP-CA7-mutant3 (C). F-actin is visualized with Phalloidin-594. In the right-
most panels of (A-C) are the normalized fluorescence intensity profiles of the mutated CA7 EGFP signal (black) and actin (red), and the yellow line in left-most
panels indicates the cross-section from which the pixel intensities were measured. Scale bars 20 um.

Analysis of the mutated CA7 and F-actin co-localization in cultured fibroblasts. Scatterplots of fluorescent intensities per pixel (EGFP vs. Phalloidin-594) along a
cross-section through a representative cell. Pearson’s correlation coefficient (r) for the analyzed cells is given in each panel.

Pearson’s correlation coefficient values calculated for the depicted constructs and compared to CA7. F-actin had a strong positive correlation coefficient with EGFP-
CA7 (r = 091 + 0.02, n = 26 cells). Neither EGFP alone (r = 0.01 £ 0.03, n = 56) nor EGFP-CA2 (r = 0.09 + 0.03, n = 53) co-localized with F-actin (P < 0.0001 for
both constructs, when compared to CA7). From the five mutated CA7 constructs, EGFP-CA7-mutantl (r = 0.51 £ 0.04, P < 0.0001, n = 25) and EGFP-CA7-mutant3
(r=0.72 £ 0.03, P = 0.05, n = 21) co-localized less with F-actin actin when compared to CA7. The co-localization of the other four mutated CA7 constructs, EGFP-
CA7-mutant2 (r = 092 4 0.02, P = 0.99, n = 18), EGFP-CA7-R223E (r = 0.86 + 0.02, P = 0.99, n = 24), and EGFP-CA7-H96/98C (r = 0.79 + 0.04, P = 0.14, n = 18)
did not differ significantly from that of CA7. Data are shown as mean + SEM. Data did not pass Shapiro—Wilk test for normality, statistical comparison against CA7

was done with Kruskal-Wallis test corrected for multiple comparisons.

Source data are available online for this figure.

A DsRed-CA7 EGFP-CA2 CA7 + CA2
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Figure 6. Localization of the overexpressed CA2 and CA7 in neurons.
Isoform-specific subcellular localization shown in cultured hippocampal neurons (DIV14) co-expressing DsRed-CA7 (left) and EGFP-CA2 (middle).

A

B, C Representative confocal images of precocious in vivo expression of (B) EGFP-CA2 and (C) EGFP-CA7 in P40 mouse cortical layer 2/3 pyramidal neurons. Neurons
were transfected at E14.5 with EGFP-CA2 or EGFP-CA7 using in utero electroporation and images were taken from fixed slices. Right panels in (B) and (C) show
higher magnification of the primary apical dendrite marked with a box.

D The strong expression of EGFP-CA7 disrupted the normal spine morphology and induced the formation of thick, filopodia-like protrusions.

Data information: n = 5 independent repeats for cultured neurons and two animals/construct in vivo. Scale bar in (8) 5 um; (B and C): 5 um, insets in (B, C) and panel (D): 25 um.

deletion have an effect on dendritic spines. For this, we did electro-
physiological recordings and structural analysis of neurons using
CA7 KO and wild-type (WT) mice (Ruusuvuori et al, 2013). Since
spines are the major site for excitatory synaptic input, we measured
miniature excitatory post-synaptic currents (mEPSCs) from WT and

Genetic deletion of CA7 changes cortical layer 2/3 pyramidal
neuron spine density and morphology in vivo

The subcellular localization of overexpressed CA7 and its interac-
tion with the actin cytoskeleton raised the question whether genetic
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CA7 KO somatosensory cortex layer 2/3 pyramidal neurons (Fig 7
A). Neither mEPSC amplitude (14.93 + 1.16 pA vs. 14.71 +
1.10 pA, P =0.90) nor frequency (5.37 £+ 1.62 Hz vs. 6.70 &+ 2.24
Hz, P = 0.63) differed between the genotypes (n =7 WT and n = 4
CA7 KO neurons from five WT and four CA7 KO mice). Structural
analysis was done from Lucifer Yellow (LY) labeled somatosensory
cortex layer 2/3 pyramidal neurons from P34-P37 WT and CA7 KO
mice (Fig 7B) as described earlier (Fiumelli et al, 2013). Interest-
ingly, constitutive genetic ablation of CA7 significantly changed
dendritic architecture in vivo (Fig 7C). In CA7 KO neurons (n = 28
neurons, in total 8,279 spines analyzed from four animals), spine
density on the second-order apical and basal dendritic shafts
increased by 38 + 16% and by 42 + 16%, respectively (for apical
dendrites P = 0.000002, Mann-Whitney test and for basal dendrites
P = 6.8 x 1078, Student’s t-test with Welch correction), in compar-
ison to the WT neurons (n = 29 neurons for apical dendrites and 30
neurons for basal dendrites, in total 8,730 spines from two animals).
The change in spine density was due to a specific increase in imma-
ture-type of spines with small spine heads. The average spine head
diameter in CA7 KO neurons was 0.37 4+ 0.01 pm (n = 421 spines,
from 15 neurons) and in WT neurons 0.48 &+ 0.01 pm (n = 467
spines, from 15 neurons). Compared to WT, the distribution was
shifted significantly toward smaller spine heads in the CA7 KO
neurons (W = 134,540, P < 0.001, Wilcoxon rank-sum test) (Fig 7
D).

Discussion

Our main finding is that the subcellular distribution of CA7 is dictated
by its remarkably prominent binding to actin, in particular to F-actin,
which is a novel property with regard to all cytosolic CAs studied to
date. Thus, in neurons, CA7 is expected to have a major influence on
dendritic spine morphology and density as described below.

Expression of DsRed- and EGFP-fusion constructs of CA7 and
CA2 both in cultured fibroblasts and hippocampal neurons revealed
a mutually exclusive subcellular localization. The diffuse cytoplas-
mic distribution of CA2 is well in line with previous results from
non-erythroid cells (Wang et al, 2002; Stridh et al, 2012; Al-Samir
et al, 2013) and fits with the idea that this ubiquitous and high-
activity isoform serves a housekeeping role in cytosolic pH buffering
(see Introduction).

Enni Bertling et al

When Montgomery et al (1991) first characterized human CAZ,
they recognized several poorly conserved regions that were
predicted to “be located toward the surface of the protein.” Our
work shows that one of these regions, consisting of residues
232-248 encoded by exon 7, is critically involved in the CA7-actin
interaction. When we replaced amino acids 237-242 (DDERIH) with
corresponding amino acids from CA2 either alone (EGFP-CA7-
mutant3) or together with additional mutations (amino acids
101-105, 113, and 115; EGFP-CA7-mutantl), co-localization of F-
actin and the mutated EGFP-CA7 proteins decreased compared to
EGFP-CA7. Notably, replacing the corresponding sequence of CA2
by the CA7 amino acids forming this ridge (101-105, 113, 115, and
237-242) was not sufficient to induce actin binding by CA2, point-
ing to a complex three-dimensional structure of the CA7 actin-bind-
ing site.

Furthermore, while EGFP-CA7 strongly co-localized with F-actin
in fibroblast stress fibers, the edges of the highly dynamic lamellipo-
dia were largely devoid of CA7. It should be noted here that in the
lamellipodia of migrating fibroblasts, actin filaments are polymer-
ized by Arp2/3 complex, resulting in strongly branched actin fila-
ment network at the leading edge. Our results thus demonstrate that
CA7 preferably interacts with non-branched actin filaments.

An important observation in this context is that the CA7-actin
interaction was enhanced at acidic pH (6.5 vs. 7.4). The pH; of the
leading edge of migrating cell lamellipodia is known to be excep-
tionally high, primarily due to enhanced NHE1-mediated acid-extru-
sion, which in turn promotes cofilin activation and actin
treadmilling (Grinstein et al, 1993; Martin et al, 2011). Thus, the
alkaline microenvironment is expected to impair CA7-actin interac-
tion and thereby serve as an additional factor governing CA7 local-
ization as well as actin turnover.

We have made numerous, but unsuccessful attempts to create a
specific CA7 antibody compatible in IHC using conventional immu-
nization techniques. In addition, we have developed a llama VHH
nanobody (cf. Paalanen et al, 2011) selective for CA7 in ELISA.
Despite about a hundred of monoclonal lines of these VHH
nanobodies, we have not succeeded in developing a CA7-specific
one that is suitable for IHC in brain tissue. In addition to our own
CA7-KO validated antibody that works in immunoblots (Ruusuvuori
et al, 2013), we have also tested a number of commercially available
antibodies, as well as those used in previous publications (Bootorabi
et al, 2010; Del Giudice et al, 2013; Viikila et al, 2016).

Figure 7. Layer 2/3 cortical pyramidal neurons in CA7 KO mice have high dendritic spine density and smaller spines but mEPSC frequency and amplitude are

not affected.

A Comparison of mEPSCs in cortical layer 2/3 pyramidal neurons from P30 to P40 WT and CA7 KO mice. Sample traces of mEPSC recordings from WT and CA7 KO
neurons, low-pass filtered at 1 kHz (left). The data are summarized in the bar diagrams (right). mEPSC frequency (P = 0.63) and amplitude (P = 0.90) were not
significantly different between WT and CA7 KO and neurons (n = 7 and 5 neurons, respectively, Student’s independent samples t-test).

B Representative confocal images of apical dendrites from Lucifer Yellow-injected cortical layer 2/3 pyramidal neurons from WT and CA7 KO mice. The dendritic spine
density and spine head size were examined in fixed slice preparations from P34 to P37 mice. Scale bar 2 um.

C Summary of the spine density analysis done from the Lucifer Yellow-injected neurons. Spine density was a higher in CA7 KO neurons both in apical and basal
dendrites (n = 28 neurons for both) compared to WT (n = 29 neurons for apical and n = 30 for basal dendrite analysis) (P = 0.000002 for apical dendrites, analyzed
with Mann-Whitney test, and P = 6.8 x 1072 for basal dendrites, Student’s t-test with Welch correction.) A total of 8279 spines were analyzed from four CA7 KO mice

and 8730 spines from two WT control mice.

D The spine head width distribution differed significantly between the genotypes (n = 467 spines from WT and n = 421 spines from CA7 KO animals, 15 neurons
analyzed from both genotypes, Wilcoxon rank-sum test with continuity correction, W = 134,540, P < 0.001).

Data information: Data are given as mean + SEM in (A) and as mean + SEM in (C).

Source data are available online for this figure.
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Figure 7.

Unfortunately, these antibodies showed unspecific staining in our
experimental settings when CA7-KO mouse tissue was used as nega-
tive control. Hence, in the current study addressing the subcellular
distribution of CA7, we were left with no other option than to
express fluorescently tagged CA fusion proteins. We fully recognize
the caveats in work conducted on fluorescently tagged proteins,
especially those with DsRed, as discussed below.

The lack of CA7 in subcellular areas with branched actin is simi-
lar to the distribution of the actin-binding protein drebrin-A

© 2021 The Authors

(Ludwig-Peitsch, 2017). Drebrin-A is known to stabilize actin fila-
ments by binding along the actin double-helix (Mikati et al, 2013).
Interestingly, drebrin-A localizes in the middle of the spine where
the more stable actin filament pool (consisting of straight actin fila-
ments) is located (Koganezawa et al, 2017). Because of the lack of a
specific CA7 antibody, we are unable to study localization of endoge-
nous CA7 in spines but, in light of its actin-binding characteristics, it
is possible that CA7 has a distribution within spines that is similar to
drebrin-A. This is an interesting question for future studies.
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CA?7 not only binds to F-actin but it also increases actin bundling
and changes actin dynamics in vitro, as visualized in our time-lapse
imaging experiments (Movies EV2-EV7). While we cannot exclude
the possibility that mCA7 enhances polymerization of individual fil-
aments, the current TIRF imaging data suggest that the enhance-
ment of filament/bundle elongation occurs through bundling of
existing filaments/bundles together. The ability of CA7 to increase
bundling by crosslinking actin filaments implies a bivalent binding
mechanism. Conventional actin cross-linkers, such as a-actinin and
fimbrin, most often work via homodimerization (Puius et al, 1998).
It is important to note that we did all cell assays with DsRed- or
EGFP-tagged CA7 protein and sometimes these protein-tags dimer-
ize by themselves (Zhang et al, 2002). However, the TIRF assay,
which showed clear crosslinking function for CA7, was done with
CA?7 purified with small, non-dimerizing His-tag. Thus, we are confi-
dent that the observed CA7 crosslinking stems from CA7 properties
and not (only) DsRed or EGFP-tag dimerization. In the future, it will
be interesting to study whether CA7 affects actin filament turnover.
The present latrunculin B treatment experiment (Fig 3) suggests that
CA7 reduces the depolymerization rate of actin filaments, but direct
measurement of the actin turnover rate by fluorescent recovery after
photobleaching or photoactivation assays would give a more defini-
tive answer.

Our bundling assay was done in the nominal absence of CO,/
HCOj; , demonstrating that the CA7-mediated enhancement of bund-
ling is independent of the catalytic activity of CA7. This is well in
line with our result that the enzymatically inactive CA7 H96/98C
mutant maintains its co-localization with F-actin. Interestingly, dele-
tion of the catalytically inactive CA-related protein 8 has been
shown to cause structural abnormalities in parallel fiber and Purk-
inje cell synapses (Hirasawa et al, 2007), further suggesting that
enzymatic activity and morphogenetic functions of CA;s are not
based on shared molecular actions.

The changes detected in the actin cytoskeleton of CA7-overex-
pressing cells are consistent with the biochemical assay data and
show that CA7 modulates higher-order actin structures in the cyto-
plasm. Fibroblasts transfected with CA7 generated numerous filopo-
dia-like protrusions projecting from the cell surface and had thick,
sometimes curving, cytosolic stress fibers. The phenotypic charac-
teristics closely resemble those seen with the brain-specific actin-
bundling protein drebrin-A in both fibroblasts (Shirao et al, 1994)
and in cultured neurons (Hayashi & Shirao, 1999; Mizui et al, 2005).
Dendritic spine structure, just like fibroblast morphology, varied
depending on the expression level of CA7. In neurons overexpress-
ing high levels of CA7, in cell cultures or in vivo, dendritic spines
eventually lose their morphological diversity (categorized as thin,
stubby, and mushroom spines according to (Bourne & Harris, 2008;
Hotulainen & Hoogenraad, 2010)) and turn into thick protrusions,
which lack a clear spine head.

The excess of thin spines (spine head < 0.3 um) in CA7 KO
mouse cortical neurons in vivo suggests that the lack of CA7 either
facilitates their formation, or prolongs transformation/maturation of
spines. Our quantification of spine type was based on the head
diameter (Bourne & Harris, 2008). It is well established that spines
with small heads (i) are short-lived and dynamic structures (Holt-
maat et al, 2005); (ii) are more abundant in early development; and
(iii) make only occasional contacts with presynaptic terminals
(Berry & Nedivi, 2017). It is thus not surprising that the increased
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spine number in CA7 KO cortical neurons did not alter the basic
pre- or post-synaptic properties, measured as the frequency and
amplitude of mEPSCs, respectively. It is tempting to suggest that the
overproduction of small spines, actively searching for presynaptic
partners (Ziv & Smith, 1996; Zuo et al, 2005), renders CA7 KO
neurons in a more juvenile-like morphological state.

The morphology of spines in CA7 KO neurons is different from
WT and in particularly stark contrast to those observed upon CA7
overexpression. In the thick, filopodia-like protrusions present in
CA7 overexpressing neurons, CA7 promotes linear bundling of
actin, thereby eliminating the dynamic spine head formed by a
dense network of short, cross-linked branched actin (Hotulainen
et al, 2009; Hotulainen & Hoogenraad, 2010). The time-lapse data
on fibroblasts show that, when abundantly present, CA7-dependent
bundling of actin filaments immobilizes cell movements. Notably,
reorganization of the spine actin cytoskeleton is a fundamental
property of excitatory synaptic plasticity (Hlushchenko et al, 2016).
Direct measurements of dendritic spine pH are scarce, but Diering
et al (2011) have reported an NHES-dependent increase in spine pH,
which develops over tens of minutes after chemical long-term
potentiation induction in cultured rat hippocampal neurons. This is
in line with the idea that pH alterations associated with synaptic
plasticity could impair the CA7-actin interaction, thereby allowing
modulation of post-synaptic actin structures. Compared to the
actions of other pH-sensitive actin-binding proteins, CA7 could thus
counteract gelsolin-dependent severing of F-actin, which takes place
upon acidification (Lagarrigue et al, 2003). Notably, in the central
nervous system pronounced acidification of the intracellular
compartment occurs under various pathophysiological conditions
such as stroke (Pavlov et al, 2013) and seizures (Siesjo et al, 1993;
Ziemann et al, 2008).

The actin-associated localization of CA7 to dendritic spines (as
suggested by our overexpression data) is an important observation.
This is because synaptic activity is known to evoke long-term struc-
tural changes in spine size and morphology (Sala & Segal, 2014), as
well as large transient changes in ionic concentrations within the
spine (Rose et al, 1999; Brini et al, 2017). The present study shows
that CA7 is optimally localized to not only separately modulate F-
actin and pH, but also to provide a link between F-actin dynamics
and activity-dependent pH transients within spines.

Materials and Methods

Animal experiment ethics

All experiments involving animals were conducted in accordance
with the European Directive 2010/63/EU and were approved by the
National Animal Ethics Committee of Finland or the Local Animal
Ethics Committee, University of Helsinki. Animals were housed and
bred in a conventional animal house. Both mice (C57BL/6 and ICR)
and rats (Wistar) were group housed (weaned littermates of same
sex in groups of 2-6) under a 12:12 h light:dark schedule (lights on
at 06:00 h). Altromin food pellets and tap water were available ad [i-
bitum and animals had wood bedding/nesting material and wood
blocks for enrichment. The CA7 KO mice (deletion of exons 5-7 of
the Car? gene) have been backcrossed to C57BL/6 and were used at
P35-P40 for the mEPSC recordings and spine analyses.
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Neuronal primary cultures, fibroblast cultures, and transfections

Hippocampal neuronal cultures were prepared as described previ-
ously (Bertling et al, 2012). Briefly, the hippocampi of embryonal
day 17 Wistar rat fetuses of either sex were dissected, the meninges
were removed, and the cells were dissociated with 0.05% papain
and mechanical trituration. The cells were plated at a density of
100,000 cells/coverslip (diameter 13 mm), coated with Poly-L-
Lysine (0.1 mg/ml; Sigma), in neurobasal medium (Gibco) supple-
mented with B-27 (Invitrogen), L-glutamine (Invitrogen), and peni-
cillin-streptomycin (Lonza). Transient transfections were performed
after 13 days in vitro (DIV) using Lipofectamine 2000 (Invitrogen),
as described earlier (Hotulainen et al, 2009). Prior to all experi-
ments, we confirmed that cultures formed a dense network of
neurons, ensuring the availability of a proper synaptic network. The
neurons were imaged after fixation with 4% paraformaldehyde
(PFA). Fibroblasts (NIH3T3, Sigma; Cat. No.: 93061524) were main-
tained in DMEM supplemented with 10% fetal bovine serum
(Hyclone), 2 mM r-glutamine (Invitrogen), and penicillin-strepto-
mycin (Lonza). Cells were transfected with Superfect (Qiagen) or
Turbofect (Thermo Scientific)-transfection reagent according to
manufacturer’s instructions for 24 h and either imaged live or after
fixation with 4% PFA.

Plasmid constructs

pEGFP-N1 (EGFP) and mCherry-C1 (mCherry) plasmids were
purchased from Clontech Laboratories, Inc. Human GFP-f-actin
(Dopie et al, 2012) and mCherry-p-actin plasmids were gifts from
Maria Vartiainen (University of Helsinki, Finland) and Martin Bahler
(University of Miinster, Germany), respectively. Constructs contain-
ing full-length CA2 and CA7 (human isoform 1) coding sequences
were obtained from ImaGenes (human CA2 and human CA7 includ-
ing start and stop codon; OCAA05051H1054 and OCAA05051E0588,
respectively) and GeneCopoeia (human CA2 without stop codon
and mouse CA7 including start and stop). Constructs encoding CA7-
R223E and CA7-H96/98C were generated using site-directed mutage-
nesis (Phusion high fidelity PCR, ThermoFisher) and the correct
sequence of PCR amplified sequences was confirmed by full-length
sequencing of both strands (DNA Sequencing and Genomics Labora-
tory, Institute of Biotechnology, Helsinki). More complex mutants
containing multiple nucleotide exchanges were commercially
synthesized (GenScript). All coding sequences were either available
as Gateway entry vectors or subcloned into pDONR or pENTR
vectors using the Gateway technology (LifeTechnologies). Expres-
sion constructs encoding N- or C-terminal fusion proteins of CA2 or
CA7 and various reporter proteins (EGFP, DsRed, mCherry) were
generated using the Gateway technology and appropriate destina-
tion vectors. To allow for stable expression in cell cultures and
neurons in vivo, all destination vectors contained the modified
CMV/chicken p-actin promoter (CAG) (Niwa et al, 1991). The
PCAG-EGFP plasmid was a gift from Connie Cepko (Addgene plas-
mid # 11150) and served as a control (Matsuda & Cepko, 2004).

Expression level quantification in NIH3T3 cells

NIH3T3 cells were seeded on 24-well plates with Poly-L-Lysine-
coated coverslips at a density of 60,000 cells/well and on 6-well
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plates at a density of 300,000 cells/well. The following day, the cells
were transfected with the CA7/2-EGFP constructs using Turbofect
transfection reagent (Thermo Scientific) according to the manufac-
turer’s instructions. For immunofluorescence, the cells were fixed
24 h after transfection with 4% PFA for 30 min. For western blotting,
the cells were washed once with ice-cold phosphate-buffered saline
(PBS) and collected in 150 ul radioimmunoprecipitation assay
(RIPA) buffer supplemented with protease inhibitors (cOmplete,
Roche) 24 h after transfections. 10 pg of the lysates was separated by
8-16% SDS-PAGE (Bio-Rad) and blots were probed with a 1:2,000
dilution of mouse anti-GFP antibody (Clontech, Cat. No.: 632381),
followed by 1:5,000 anti-mouse Starbright Blue 700 (Bio-Rad, Cat.
No.: 12004158) (Fig EV4H) and 1:5,000 anti-actin-rhodamine (Bio-
Rad, Cat. No.: 12004164) as a loading control. The blots were imaged
with ChemiDoc MP (Bio-Rad). Quantification was done with ImageJ,
and expression levels of the constructs were shown relative to the
WT EGFP-CA?7 expression level, which was set at one. One lane was
excluded because of a mistake in the cell transfection: The actin band
was normal but there was no EGFP band on the lane.

Actin filament staining with phalloidin in fibroblasts

Fibroblasts were permeabilized with 0.1% Triton X-100 in PBS. Fila-
mentous actin was visualized with Phalloidin-iFluor 488 (Abcam,
cat:no ab176753), Alexa fluor 488-, or Alexa fluor 594 —phalloidin
(Invitrogen, Molecular probes cat:no A12379 and A12381), incuba-
tion for 30 min.

Actin filament visualization in cultured neurons

Neuronal cultures were co-transfected with a mCherry-actin and
EGFP-CA2/CA7 constructs on DIV13 and fixed with 4% PFA
(30 min) 24 h after transfection.

Imaging

Fixed NIH3T3 fibroblasts were imaged under epifluorescence illumi-
nation using an upright Axio Imager.M2 microscope equipped with
a 63x 1.4NA objective and with an Apotome 2 structured illumina-
tion slider (all from Zeiss). Images were acquired with a black and
white CMOS camera (Hamamatsu ORCA Flash 4.0 V2) and ZEN 2
software (Zeiss). For quantification of co-localization of the EGFP-
tagged proteins with 594-Phalloidin in fibroblasts, we analyzed the
pixel intensities along a virtual line across the cell, excluding the
nucleus (ImageJ, http://imagej.nih.gov/ij). The placing of the line
was done using the “actin channel”, and the experimenter was
blinded to the transfections. We plotted the pixel intensities of both
channels against each other and calculated the Pearson’s correlation
coefficient (GraphPad Prism 7). Each individual experiment consists
of 1-4 transfected wells. The person who analyzed the co-localiza-
tion and calculated Pearson’s coefficient values was blind to the
transfection.

The dendritic spines of cultured hippocampal neurons were
imaged using a Zeiss LSM 710 upright confocal microscope (63x
1.3NA objective) or an Axio Imager.M2 microscope (63x 1.4NA
objective, Apotome 2 structured illumination slider). Image files
were processed with ZEN 2012 (Carl Zeiss Microscopy GmbH),
ImageJ 1.46r, and Photoshop CS4 (Adobe).
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Spine analysis

For analysis of spine density and morphology in fixed rat cell
cultures, serial image files corresponding to z-stacks of 20-30 optical
sections per dendritic segment were taken. Inclusion criteria: all
healthy, pyramidal neuron looking cells which expressed moderate
amount of mCherry and co-expressed EGFP-construct were imaged
and included to analysis. We did not exclude any outliers.
NeuronStudio, a software package specifically designed for spine
detection and analysis (Rodriguez et al, 2008), was used to analyze
spine density. The detailed analysis of spine classes was performed as
described in (Bertling et al, 2012). Classification of spines was done
by using rules defined by (Rodriguez et al, 2008) and verified manu-
ally. For the plot, spines were divided to three groups: spines with
head (Neurostudio: mushroom and stubby), filopodia/thin spines
(Neurostudio: thin), and spines with abnormal morphology (Neu-
rostudio: other), latter including all spines with branches, long thick
protrusions or otherwise morphology not classified in any common
spine classes. The mean value (+SEM) of separate images is shown.

Latrunculin B assay

For the Latrunculin B assay, fibroblasts were transfected with DsRed
or DsRed-CA7 24 h prior to treatment with 5 pM Latrunculin B in
DMSO. Cells were fixed after 0, 2, 5, 10, and 30 min of Latrunculin
B treatment and stained with phalloidin-488. Control cells were
treated with DMSO for 60 min and stained with phalloidin-488. We
made three independent replicates of such experiments. One
hundred transfected cells from each time point from each experi-
ment were categorized either as “normal”, “some shape/F-actin
left”, or “round” (example cells for the three categories are depicted
in Fig 3A and B, upper panels). Inclusion criteria: all cells express-
ing DsRed (control) or DsRed-CA7. We did not exclude any outliers.

CA7 biochemistry: mCA7 production, pull-down assay, and
bundling (in vitro TIRF) assay

Recombinant mCA7 was produced by Icosagen (Tartu, Estonia) in
CHOEBNALTSS cells. The protein was produced with a secretion
signal peptide and a C-terminal His-tag for purification. CA7 was
purified from the cell culture supernatant by Ni-affinity chromatogra-
phy. The concentration of the purified protein was 1.5 mg/ml, and
the purity was estimated to be > 90%. Actin co-sedimentation assay
was carried out in 20 mM Hepes pH 7.4/6.5, in the presence of
0.2 mM DTT. mCA7 was stored in PBS but the buffer was changed to
Hepes (pH 7.4/6.5) before the experiment. Lyophilized powder of
CA2 (Sigma) was reconstituted in MilliQ and diluted in Hepes-buffer
pH 7.4/6.5 to 33 pM. ZnCl, (1 pM) was added to CA7/CA2 1 h
before incubation with actin. p/y-G-actin (0, 1, 5, 10 and 15 pM) was
pre-polymerized in Hepes-buffer pH 7.4/6.5 by addition of 1/10 of
10x-initiation mixture (1 M KCl, 10 mM EGTA, 50 mM MgCl,,
2.5 mM ATP, and 20 mM Hepes pH 7.4/6.5) for 30 min at room
temperature. CA7 or CA2 (1 pM) was added to polymerized actin,
gently mixed, and incubated for another 30 min at room tempera-
ture. Actin filaments were sedimented by centrifugation for 30 min
at 20°C in a Beckman Optima MAX Ultracentrifuge at 353,160 x g in
a TLA100 rotor. Equal proportions of supernatants and pellets were
run on 13.5% SDS-polyacrylamide gels, which were stained with
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Coomassie Blue. The intensities of p/y-actin and CA7/CA2 bands
were quantified with QuantityOne program (Bio-Rad), analyzed, and
plotted as CA7/CA2 bound to actin (uM, CA7/CA2 in pellet) against
actin. The mCA7-actin co-sedimentation assay was repeated three
times for each pH value, and averaged curves were presented (4
SEM). All experiments were included in the analysis.

In vitro TIRF imaging was performed as previously described
(Suarez et al, 2011) but the muscle actin was substituted with non-
muscle actin (Cytoskeleton), prepared according to the manufac-
turer’s instructions, and non-muscle Rhodamine actin (Cytoskeleton)
was used for labeling the filaments. A mixture of 0.5 uM unlabeled
and 0.05 uM Rhodamine labeled non-muscle actin was polymerized
in the presence of 1.12 or 0.11 pM mCA? or with an identical volume
of PBS as a control in the nominal absence of CO,/ HCOj (three inde-
pendent repeats for both treatments). Images were captured with
Nikon Eclipse Ti-E N-STORM microscope, equipped with Andor
iXon + 885 EMCCD camera, and 100x Apo TIRF oil objective (NA
1.49), a 150 mW 561 nm laser line was used for visualization of
Rhodamine actin. Actin filament polymerization was followed (im-
ages every 10 s) until the imaging field was full with filaments (typi-
cally around 30-40 min). Bundling was quantified by measuring the
mean relative fluorescence intensity of a cross-section for an individ-
ual filament (n = 10-11 filaments per repeat, ImageJ) and actin fiber
length (n = 3-4 per repeat) at three time points (0, 5, and 23 min).
The analyzed filaments were chosen randomly and all experiments
were included in the analysis. The data were analyzed using a general
mixed model with time as a within-unit factor and the presence of
CA7 as a between-unit factor, experiment repeats were included as a
covariate. Kymographs were created from the same videos with Fiji.
The highest density of filaments/bundles was visually estimated from
the end of the video (time) focusing on an area in the middle. We used
“Multi Kymograph” function with line width 1 ym. For Fig EV2E, fila-
ment/bundle length was measured manually with line function with
Fiji. If filament was not straight, more than one line was used (max 4)
and measurements were summed together.

In utero electroporation and slice preparation

The rat in utero protocol described by Fiumelli et al (2013) was used
with some modifications. Timed-pregnant ICR mice with E14.5
embryos were given Temgesic (0.05-0.1 mg/kg, s.c.) and anes-
thetized with isoflurane (4.2% induction, 2.5% during surgery). All
embryos were injected with 1.25 pl plasmid DNA solution (3-4 ug/
ul EGFP-CA7 or EGFP-CA2 construct in 0.9% NaCl and 0.1% Fast
Green). Electroporation was done with 5 mm diameter circular elec-
trodes (Sonidel Limited) with five pulses (40-45 V, 50 ms duration
at 100 ms intervals), delivered with a square-wave generator
(CUY21vivo SC, Sonidel Limited). Detection of EGFP-CA2 and
EGFP-CA7 was done on 50 um coronal cryosections from fixed
brains (P40 mice of both sex were transcardially perfused under
terminal anesthesia with 4% PFA, over-night postfixation in 4%
PFA) with a Zeiss LSM 710 upright confocal microscope.

Cortical layer 2/3 spine analysis and mEPSC recordings
Post hoc iontophoretic injection of Lucifer Yellow

Male WT and CA7 KO mice were terminally anesthetized at
P34-P37 by an intraperitoneal injection of pentobarbital (100 mg/
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kg) and perfused transcardially first with saline, followed by 4%
PFA and 0.125% glutaraldehyde solution (pH 7.4). Brains were
removed and postfixed for 2 h in 4% PFA. Coronal sections of
200 pm thickness were cut on a vibratome in ice-cold PBS (pH 7.4).
Coronal sections were pre-stained for 10 min with methylene blue,
which allows the visualization of neuronal somata, mounted into an
injection chamber, and placed on the fixed stage of a Zeiss micro-
scope equipped with a micromanipulator. Layer 2/3 pyramidal
neurons were loaded iontophoretically with a 0.4% Lucifer yellow
solution (Sigma-Aldrich, St. Louis, MO) using sharp micropipettes
and a negative current of 70 nA until the dendrites were fluorescing
brightly. For each animal, neurons were labeled from 2 to 3 slices.

Immunohistochemistry

The Lucifer Yellow-injected slices were preincubated for 1 h in a PBS
solution containing sucrose (5%), bovine serum albumin (2 %), Triton
X-100 (1%), and sodium azide (0.1%), followed by 48 h at room
temperature with the anti-LY antibody (rabbit IgG, Cat. No. A5750,
Invitrogen, Carlsbad, CA; 1:4,000 dilution). Slices were then rinsed in
PBS solution and incubated for an additional 24 h with Alexa conju-
gated secondary antibodies (Alexa Fluor® 568, Invitrogen; 1:1,000).
After mounting, the slices were coverslipped using Immumount
(Thermo Scientific, Pittsburgh, PA) and stored at +4°C until analysis.

Confocal laser scanning microscopy and image analysis

Second-order dendrites were imaged for spine analysis using
LSM700 confocal microscope and 63x oil-immersion objective.
Spine analysis was performed on acquired stacks of images using a
homemade plug-in written for OsiriX software (Pixmeo, Geneva,
Switzerland). This plug-in allows precise spine quantification, indi-
vidual tagging, and measurement in 3D by scrolling through the z-
axis. We defined spines as structures emerging from the dendrites
that were longer than 0.4 ym and for which we could distinguish an
enlargement at the tip (spine head). Spines head diameters were
measured at their largest width in xy-axis on the z-image corre-
sponding to the central axis of the spine head. The difference in
spine head width distribution between WT and CA7 KO mice was
analyzed using a Wilcoxon rank-sum test with continuity correction.
Note that for illustration purposes, images presented in figures are
maximum intensity projections of z-stacks with volume rendering,
further processed with a Gaussian blur filter.

Inclusion criteria: Layer 2/3 pyramidal neurons in the somatosen-
sory cortex with Lucifer Yellow (LY)-filled dendritic tree. Exclusion
criteria: LY-filled neurons outside layer 2/3 and neurons where LY-
injections failed (leading to partially filled dendritic arbor). We did
not exclude any outliers. All data were counted and the person who
analyzed spine density/spine head size was blind to the genotype.
Data were first tested for normality using D’Agostino and Pearson
normality test. Since the data set for WT apical dendrites did not pass
the test, we used non-parametric Mann-Whitney test for testing the
difference in apical dendrites. In basal dendrites, both data sets
passed the normality test, and Student’s t-test was used.

mEPSC recordings and analysis

Male CA7 KO and WT mice (P30-P40) were anesthetized with
halothane and decapitated. Acute coronal brain slices (400 pm)
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were cut using Campden vibratome (Campden Instruments 7000
SMZ-2) in ice-cold (< 4°C) cutting solution containing (in mM) 87
NaCl, 2.5 KCl, 0.5 CaCl,, 25 NaHCOs, 1.25 NaH,PO,4, 7 MgCl, and
50 sucrose, equilibrated with 95% O, and 95% CO, to pH 7.4.
Before starting experiments, slices were let to recover for 1 h at
+34°C in standard solution containing (mM): 124 NaCl, 3 KCl, 2
CaCl,, 25 NaHCO;, 1.1 NaH,P0O,, 1.3 MgSO,4, and 10 D-glucose,
(300 + 5 mOsm). Whole-cell voltage-clamp recordings from layer
2/3 somatosensory cortex pyramidal neurons were obtained with a
HEKA EPC-10 amplifier with 20 kHz sampling rate and 4 kHz low-
pass filter. Slices were perfused with standard solution (see above,
perfusion 3.5 ml/min), and all measurements were done in the pres-
ence of 100 uM picrotoxin and 0.5 uM TTX. Temperature in the
recording chamber was 32 4+ 1°C. The cells were clamped to
—65 mV. Borosilicate patch pipette resistances ranged from 3 to
5.5 MQ when filled with pipette solution containing (mM) 140
CsMs, 2 MgCl,, and 10 HEPES (liquid junction potential of 13 mV
was taken into account). Only cells with a resting membrane poten-
tial below —55 mV and stable holding current were included in the
analysis. Series resistance was compensated and recordings with
unstable series resistance (change > 30%) were excluded from the
analysis. The person who did and analyzed the mEPSC experiments
was blind to the genotype. Events were manually detected with
minianalysis software (Synaptosoft) after 1,000 Hz low-pass filtering
and with threshold set to 4x RMS noise.

Data availability

The data supporting the findings of this study are included in the
supplemental material. Additional data are available from the corre-
sponding author on request. No data are deposited in databases.

Expanded View for this article is available online.
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